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Chapter 1 
 
 
Introduction 
 
 
Thin film preparation requires a sophisticated deposition technique, which 
ensures the control of key deposition parameters and hence the control of defined film 
properties fulfilling specific applications. Some of the most prominent deposition 
methods are the thermal evaporation including molecular beam epitaxy (MBE), the 
chemical vapour deposition (CVD), the atomic layer deposition (ALD), the pulsed laser 
deposition (PLD) and the sputtering technique. 
In the evaporation technique, the material to be deposited is melted by means of 
heating and subsequently vaporization in a vacuum chamber. The vaporized flux of 
atoms condenses than onto the substrate. Typical energies of the evaporated atoms are 
in the range of kT, with k the Boltzmann constant and T the temperature, i.e. the flux of 
atoms is referred to thermalized. However, the films deposited by evaporation suffer 
from low adhesion and are characterized by a porous microstructure due to the low 
energies of the incident particles. 
The chemical vapour deposition method utilizes so-called precursors, which are 
vaporized and transferred to the substrate. On the substrate material, these precursors 
chemicaly react under the formation of the desired coating material and of volatile by-
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products. Many modifications of the CVD technique have been developed, which will 
be not described here, such as for instance the plasma- enhanced CVD (PECVD) 
method, where a plasma is employed in order to enhance the chemical reactivity of the 
precursors. The ALD method is similar to the CVD technique with the main difference 
that the precursors are separated during the chemical reaction. Main drawbacks of this 
technique are the production of toxic gases and the complex experimental apparatus. 
In the case of PLD, a pulsed, focused laser beam is directed to the target 
material, which is placed in a vacuum chamber. The target material is ablated by the 
laser beam, which condenses on the substrate located parallel to the target.  
For this work, the sputtering method has been chosen to prepare the films. The 
details of the deposition technique will be presented in the next chapter. Nevertheless, in 
sputtering, the target material is bombarded by inert gas ions originating from the 
plasma. The negative voltage, applied to the target attracts the inert gas ions, which 
strike the target and dislodge target atoms. The flux of particles condenses then on the 
substrate. Among the previously mentioned methods, only the sputtering technique is 
applicable for large area industrial functional coatings. Moreover, the use of reactive 
gases such as oxygen and nitrogen in the discharge gas mixture enables the deposition 
of compound layers. The variation of various deposition parameters such as reactive gas 
flow, total pressure, substrate bias etc., ensures the deposition of films with defined 
atomic composition and the preparation of metastable phases.  
Three different material classes have been investigated in this study, namely the 
nitrides, the oxides and the oxynitrides of the transition metals. The outstanding features 
of these material classes will be presented in the following. 
Remarkable physical properties of the transition metal nitrides including high 
hardness, chemical stability and wear resistance puts this material class into the focus of 
industrial applications. For this reason these nitrides are employed as protective and 
wear resistant coatings. The excellent mechanical properties are the result of the 
underlying strong covalent bonding nature between the transition metal and the nitride. 
Most of the transition metal nitrides, including ScN, TiN, VN, CrN, YN, ZrN, NbN, 
HfN, TaN [1.1, 1.2], are forming the close packed rock salt crystal structure, which 
contributes also to the mechanical strength. Beside the mechanical properties, the 
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electrical and optical properties show also promise. The electrical resistivity for 
instance, covers a wide range from being superconducting [1.3, 1.4, 1.5], metallic to 
semiconducting. Among the superconducting nitrides the niobium-nitride and hafnium-
nitride with transition temperatures of 15 and 25 K [1.3], respectively, are well known. 
Magnetic features are also observed among these nitrides, such as antiferromagnetic 
MnN [1.6] and CrN [1.7, 1.8]. Besides these so-called early transition metal nitrides, the 
nitrides of the transition metals Fe [1.9, 1.10, 1.11], Co, Ni and Cu are not well known. 
Most of these compounds form crystal structures different than the rock-salt structure, 
yielding a less compact material, which is reflected mostly in a decreased thermal 
stability of the corresponding compound. The nitrides of Fe, Co and Ni reveal a 
diversity of magnetic features due to the magnetism observed in the corresponding 
metal. The properties of the nickel- and copper-nitride are investigated in the framework 
of this thesis and will be presented in the following chapters. 
It will be beyond the scope of this thesis to give a comprehensive summary 
regarding the physical properties of the transition metal oxides (TMO); therefore the 
discussion will be restricted to the essential features. Some of the peculiarities occurring 
in transition metal oxides is superconductivity [1.12, 1.13], especially the copper-oxide 
can be ascribed in this regard a unique role. From the theoretical point of view, the 
TMO’s reveal the emergence of the so-called correlated electronic system [1.14, 1.15, 
1.16], where the interaction of electrons upon applying a small external force to the 
system leads to dramatic variations of the physical properties of the material. The 
phenomenon of colossal magnetoresistance, where small magnetic fields cause a drastic 
change of the resistance and the above mentioned superconductivity can be understand 
within the framework of the correlated nature of electrons in these oxides. Further 
implication of the electron-electron interaction is the observance of metal-insulator 
transitions [1.17], where the correlation between the electrons leads to the insulating 
state of the material. A model system, where many theoretical investigations have been 
performed is the nickel-oxide (NiO) [1.18, 1.19, 1.20]. Besides these theoretical 
investigations, a multitude of practical applications are observed in TMOs, including the 
class of transparent conductive oxides [1.21, 1.22, 1.23, 1.24], electrochromic behaviour 
[1.25, 1.26, 1.27, 1.28], resistance switching [1.29, 1.30, 1.31, 1.32, 1.33], high-k 
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dielectrics [1.34, 1.35, 1.36, 1.37, 1.38] etc. Electrochromatic films change their optical 
tranmittance in the visible range by applying an external electrical field due to the 
insertion and extraction of charge carriers. The basic layer stack for an electrochromic 
application is shown in Fig. 1.1. 
 
 
Fig. 1.1: Basic configuration of an electrochromic device. Main components are 
the electrolyte, which serves as ion conductor, the transparent conductive oxide 
(TCO) and the electrochomic layer (EC), which is mostly tungsten-oxide (WO3). 
 
The device consists of the substrate, a transparent conductor, the electrochromic layer 
and the ion conductor. The substrate is mostly glass or a flexible foil, whereas for the 
transparent conductive material, a layer of ITO (indium-tin oxide) is mostly used. The 
last component is the ion conductor layer, which is an electrolyte of an organic or 
inorganic material. In resistance switching, the electrical resistance of the oxide, well 
known is the NiO phase, can be changed between two states of high and low resistance 
by applying an external voltage. The basic structure of a resistance switching 
configuration is metal/oxide/metal, where the metal layers serve as electrodes. Resistive 
switching is a promising candidate for non-volatile memory devices. 
 High-k dielectrics are materials with a sufficiently high dielectric constant, in 
order to enhance the capacitance of a metal/oxide/semiconductor (MOS) structure in 
microelectronics while maintaining the device performance. Furthermore a material 
with a higher dielectric constant than that of silicon-dioxide (SiO2) would enable the 
shrinkage of the gate thickness by inhibiting the current leakage through the insulating 
gate. One of the promising candidates to replace SiO2 is hafnium-oxide (HfO2), which 
suffers from thermodynamic stability and oxygen and boron diffusion leading to 
reduced device performance. A possibility to overcome these problems is to introduce 
nitrogen into the oxide, i.e. to build oxynitrides. It has been shown, that the oxynitrides 
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of various transition metals such as Hf, Ta and Zr possess improved thermodynamic, 
structural and electrical properties compared to the corresponding oxides [1.39, 1.40, 
1.41, 1.42, 1.43]. Beside this, a diversity of applications exists owing to the high 
variability of deposition parameters, which leads to oxynitride films with physical 
properties varying between those of the corresponding nitrides and oxides. In this regard 
the ratio of oxygen to nitrogen enables the preparation of oxynitride films with a 
multitude of atomic compositions. Therefore it is possible to prepare films with 
designed physical properties including band gap and electrical resistance tuning. Further 
application is the field of decorative coatings along with scratch resistance and 
corrosion stability [1.44, 1.45, 1.46, 1.47, 1.48]. Decorative coatings are employed to 
consumer products, including eyeglass frames, pens, kitchen and bathroom equipments 
and parts of jewelleries [1.45]. Moreover, transition metal oxynitrides are employed as 
solar absorber, dielectric layers, biocompatible, anti-reflection, mirror coatings, beam 
splitters [1.49, 1.50].  
 The focus of this study lies on the structural and optical properties of the copper- 
and nickeloxynitride (CuxOyNz and NixOyNz) systems. In order to compare these 
material systems with their corresponding oxides and nitrides, the copper-oxide, copper-
nitride as well as the nickel-oxide and nickel-nitride films are also investigated. 
Different metal oxynitride films have been prepared by changing the oxygen to nitrogen 
ratios. Both materials reveal a drastic change of the structural and optical features as 
investigated by X-ray diffraction, transmission electron microscopy and spectroscopic 
ellipsometry measurements. 
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Chapter 2 
 
 
Principles of Sputtering and Film Growth  
 
 
In this chapter the basic principles of thin film deposition by means of sputtering will be 
introduced. Furthermore, the improvements employing magnetrons below the target 
along with the energy distribution of the sputtered species will be discussed. Based on 
this, the reactive sputtering process, which is employed extensively for the deposition of 
compounds such as metal-oxide, metal-nitride and metal-oxynitride systems will be 
presented. In this manner, the control of the reactive gas flow or the reactive partial 
pressure enables the deposition of compound films with defined microstructure and 
atomic composition. The presence of energetic particles, which are inherent in the 
sputtering process, causes dramatic variations of the microstructure of the deposited 
films. These structural evolutions are characterized by means of the models proposed by 
Movchan and Demchischin and further developed by Thornton. The structure zone 
model of Thornton describes the evolution of film microstructure as a function of two 
parameters, namely the argon pressure and the substrate temperature. Additionally, the 
Thornton model has been adopted to explain the microstructural variations for an oxide 
film as a function of the oxygen concentration. Finally, essential aspects of the residual 
stress in sputter deposited films, which is a consequence of the energetic bombardment 
of the growing film on a substrate, are presented. 
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2.1 The sputtering process 
 
The investigated films in this study were deposited using the dc magnetron sputtering 
method. In general, sputtering is the removal of target atoms by impact of ionized gas 
atoms from a gaseous discharge. The process is schematically shown in Fig. 2.1.1. 
 
 
  Fig.2.1.1: Principle of the sputtering chamber 
 
A negative dc voltage is applied to the cathode, which is a metallic material to be 
deposited. In the deposition chamber is an inert gas, mostly argon. The effect of the 
negative voltage is to accelerate the Ar+-ions towards the cathode, which leads to the 
ejection of target atoms by Ar+-ion bombardment. The emission of electrons from the 
cathode leads to amplification of the ionization process of the argon atoms and hence to 
increase of sputtered material. Important in this context is the so called sputter yield, 
which is defined as the average number of ejected atoms per incident particle [2.11, 
2.12]. 
 
           (2.11) 
 
Concerning the energy of the projectile, one can distinguish between three different 
regimes, the single-knock-on, the linear cascade and the spike regime [2.1.1], which are 
schematically depicted in Fig. 2.1.2. 
 
particleincident
atomsejectedofnumber
Y =
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Fig.2.12: Classification of different sputtering regimes regarding the projectile energy. a) single 
knock-on, b) linear cascade and c) the spike regime. 
 
In the single- knock-on regime the bombarding particle transfers the energy to the target 
atoms, which are ejected from the surface of the target if the energy dissipation is bigger 
than the surface binding energies, after undergoing a few collisions Fig.2.1.2a. The 
linear cascade regime is characterized by the higher energy of the impact particle than in 
the case of the single knock-on regime, which leads to the transfer of energy to many 
atoms of the target and hence to a cascade of collisions (Fig.2.1.2.b). The sputter yield 
in the linear cascade regime is linear with the deposited energy density. The spike 
regime is similar to the linear cascade regime, with the exception that the energy 
transfer in this case is much higher than in case of the linear cascade regime. Induced by 
high energy transfer, the movements of the target atoms are such high, that the atoms 
resemble a vapour and the ejection mechanism is thermal [2.11] (Fig.2.1.2c). 
 
2.1.1 The dc magnetron sputtering process 
 
The dc sputtering process suffers from the fact that the number and spatial distribution 
of the electrons, which enhances the ionization of the argon ions, is low. For this reason 
the deposition rate in the dc sputtering case is low and high cathode voltages and total 
pressures have to be applied. To overcome this disadvantage, magnets are utilized 
below the cathode (Fig.2.1.3). The total effect of the magnetic arrangement is to confine 
the generated secondary electrons at the vicinity of the cathode surface. In this case the 
electrons perform, caused by the Lorentz force, helical motions along the magnetic 
fields. These secondary electrons contribute to further ionization of the discharge. 
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Fig.2.1.3: Magnetic configuration below the metallic target. (a) Top view and (b) Cross section of 
the circular magnets 
 
Due to the low total sputtering pressure the flux of particles arriving the substrate, 
undergoes less scattering events in the plasma and hence leads to higher average 
energies of the incident particles and to high deposition rates. The main drawback of the 
magnetron system is the non uniform erosion of the cathode material. 
 
2.1.2 The sputtering discharge 
 
In order to understand the characteristics of a discharge we will consider an inert gas, 
typically argon, localized between to electrodes, the cathode and the anode. By applying 
a small voltage to the cathode a low current will flow, owing to a small free electron 
density in the gas. 
As alluded in the previous chapter, the negative voltage applied to the target (cathode) 
leads to the ionization of the argon atoms. In order to initiate the ionization and to 
sustain the electrical discharge a breakdown voltage Ub is necessary, which is given by 
equation (2.12) [3.63] 
 
           (2.12) 
 
)]1ln[ln()ln( 1−+−
=
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where p is the total pressure, d the distance from the cathode to the substrate (anode), A 
and B are constants, which depend on the specific gas used and γ is the secondary 
electron emission coefficient.  
 
2.1.3 The sputter yield 
 
In this section the dependence of the sputter yield from various parameters such as the 
projectile energy and surface binding energy of the target material, will be discussed.  
 
a) The projectile energy 
 
In order to initiate the sputtering process, a certain energy of the incident 
particles is required, the so called threshold energy. Above this threshold energy the 
sputter yield is increasing up to a maximum value (for energies of around 5 to 50 keV 
[2.11]) and declines at very high energies of the incident particles [2.11, 2.12]. The 
decline of the sputter yield for very high energies of the incident ions is caused by the 
energy dissipation into deeper regions of the target material and hence a lower energy 
transfer to the surface region of the material. 
An empirical expression, for many ion/target (metallic) combinations, for the 
sputter yield Y was proposed by Bohdansky et al. [2.13]: 
 
           (2.13) 
 
where E is the energy of the incident particle and Eth the aforementioned threshold 
energy in electron volts.  
 
b) Surface binding energy 
 
The sputtering yield must have also a dependence on the material to be sputtered, owing 
to the fact that a threshold energy is required to dislodge surface atoms from a material, 
which is characterized by the surface binding energy of the corresponding target 
2/7
th4/1
E
E
1E~Y 
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
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material. For this reason, it has been experimentally found that there is a strong 
correlation between the sputtering yield and the surface binding energy [2.14, 2.15]. 
This was observed by plotting the sputtering yield versus the atomic number of the 
material Z, which is shown in Fig.2.14. 
 
 
Fig. 2.1.4: Sputter yield for various metallic targets sputtered with 1 keV argon ions [2.17]. 
 
According to Sigmund [2.16] the sputter yield Y is simply reciprocal to the surface 
binding energy Us, sU/1~Y . Recently Mahan et. al. [2.17] compiled the sputter yield 
data from Matsunami [2.16] as a function of target material for sputtering with 1 keV 
argon ions. The empirical yield data as a function of the surface binding energy reveals 
the following relationship (Eq. 2.14), which is presented in Fig. 2.1.5 
 
           (2.14) 
 
where Usb is the surface binding energy of the target material. Equation 2.14 results 
from a nonlinear regression of the experimental yield data to the surface binding energy 
as shown in Fig. 2.15 for sputtering with 1 keV argon ions. 
3.1
sbU
1
~Y
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Fig.2.15: Nonlinear regression of the experimental sputtering yield for various target materials 
versus the surface binding energy, sputtered with a 1 keV argon ions [2.17]. 
 
The equation 2.14 contains also contributions of the nonlinear cascade regime, which 
came from the experimental data. For the pure linear cascade regime the following 
dependence (eq. 2.16) was obtained 
 
           (2.16) 
 
The surface binding energy Usb can be approximated by the heat of sublimation ∆subH 
[2.12] as follows 
           (2.17) 
 
where Hfus∆  and Hvap∆  are the heat of fusion and heat of vaporization, respectively. 
 
 
2.1.4 Energy distribution of sputtered atoms 
 
The sputtered atoms posses for instance higher average energies than evaporated atoms. 
The energy distribution of sputtered particles is well described by the Thompson 
formula (eq. 2.18), which is derived for the linear cascade regime [2.12].  
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           (2.18) 
 
where E is the energy of the sputtered atoms and Usb the surface binding energy. In 
general, the sputtered atoms have a maximum between the half and full surface binding 
energy [2.11]. The experimentally measured energy distribution for various 
polycrystalline targets with Kr ions of 1200 eV is shown in Fig. 2.16. It is evident from 
Fig. 2.16 that the majority of the sputtered atoms reveal energies below 10 eV. 
 
Fig.2.16: Energy distribution of sputtered atoms by 1.2 keV Kr-ions from polycrystalline 
targets of Cr, Mo, W and U [2.19]. 
 
 
 
2.1.5 Reactive sputtering 
 
The deposition of compound films by means of sputtering is performed by adding a 
reactive gas such as oxygen and nitrogen for the deposition of oxides and nitrides, 
respectively, along with the inert gas into the deposition chamber. For the deposition of 
the metal-oxynitride films, both gases oxygen as well as nitrogen is utilized 
simultaneously. The variation of the reactive gas flow enables the deposition of films 
with different atomic compositions. The reactive gas leads to the formation of the 
desired film on the surface of the target, which is sputtered by the same procedure as 
3
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described in previous chapters. Nevertheless, some peculiarities are observed in the 
reactive sputtering mode compared to the sputtering of pure metal films. 
 
 
Fig. 2.17: Deposition rate and partial pressure as a function of the reactive gas flow. The 
black line indicates the increase of the reactive gas flow, where the blue line shows the 
decrease of it (adopted from [2.20]). 
 
The following discussion of the effect of reactive gas on the deposition rate and the 
reactive gas partial pressure will be restricted on the case of oxygen.  
Three different regions can be distinguished, namely the metallic, the compound mode 
and the transition region, with regard to the variation of the oxygen flow as displayed in 
Fig. 2.17. Without the presence of oxygen gas in the deposition chamber, metallic films 
will be deposited, which is called the metallic sputtering mode. The increase of the 
oxygen flow at values lower than a threshold value qt1 (Fig. 2.17) will still lead to 
metallic films.  
The partial pressure at this low value of oxygen flow will remain almost constant. The 
almost constant value upon increasing the oxygen flow is caused by the gettering of 
oxygen by the substrate, the cathode and the chamber walls. At the threshold gas flow 
qt1, which is dependent on the target material, total pressure and reactive gas used, the 
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gettering has reached a saturation point. Increasing the oxygen flow beyond the 
saturation value will lead to a significant enhancement of the oxygen partial pressure. 
For most oxides the deposition rate will drop radically at this critical point of oxygen 
flow, which is related to the oxidation of the targets surface. The oxide formation will 
reduce the sputter rate, originating from the higher binding energy of the oxide 
compared to the corresponding metal. The deposition rate will remain constant, if the 
targets surface is totally oxidized, which is called the compound or oxide mode. 
As the oxygen flow is decreased the transition to the metallic mode will occur for most 
oxides at a significant lower oxygen flow value owing to the low sputter rate in the 
compound mode. This effect has been called as hysteresis due to similarities in 
magnetization of materials [2.20]. 
 
2.2 Film growth 
 
In the previous chapter the sputtering process from a metallic target and the energy 
distribution of the sputtered species have been discussed extensively. Thin film 
deposition occurs by the condensation of these sputtered particles on the substrate 
surface. The condensation of these particles takes place in a three step procedure, 
namely the transport of the species to the substrate, the adsorption and the subsequent 
diffusion into equilibrium energetic positions.  
In the following the adsorption phenomenon will be described, where the interaction of 
the particles is assumed to be elastic, i.e. kinetic energy of the particles upon a 
scattering event will remain constant. The interaction of the atoms with the adatoms on 
a surface, as the incoming particle approaches the substrate, is described by the potential 
energy as a function of the distance to the surface (Fig. 2.2.1).  
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Fig. 2.2.1: Potential energy of the incoming particle as a function of the distance to 
the substrate. 
 
This potential energy is the sum of an attractive and a repulsive part. The attractive 
contribution is the result of the long-range interaction between the atoms, which is 
caused by the different forces such as Van der Waals, ionic, metallic and covalent 
forces depending on the atomic species involved in the deposition process [2.21]. In 
general, the attractive part is proportional to r-n, where n depends on the interaction of 
the atoms, i.e. for Coulomb interaction n = 2, for Van der Waals n = 3 etc. The repulsive 
part is caused by the Pauli extensions rule, which is dominant for the case of short 
atomic distances. At a certain distance ro, where the potential energy has a minimum 
value of Eo stable positions on the surface of the substrate can be found for the 
incoming atom. 
Regarding the interfacial energy between the atoms themselves and the substrates 
surface, three different film growth modes can be distinguished, which is schematically 
shown in Fig. 2.2.2. In the so-called Vollmer-Weber growth mode, the interaction 
energy between the deposited atoms is stronger than the energy between the atoms and 
the substrate. Therefore the atoms tend to form island like structures without covering 
the total area of the substrates surface. The Frank van der Merwe growth mode is 
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characterized by a high interfacial energy between the atoms and the substrate. For this 
reason the atoms grow layer by layer on the substrate. The third growth mode, the 
Stranski Krastanov growth mode, is a combination of the aforementioned growth 
modes. 
 
Fig. 2.2.2: Thin film growth modes. (a) Island growth (Vollmer-Weber) (b) Layer by layer 
(Frank van der Merwe) and (c) Stranski-Krastanov growth mode, adopted from [2.20]. 
 
Furthermore, the bond energy between the adsorbed atom and the substrate can be used 
in order to discriminate the adsorption process. If the energy Eo is less than around 0.4 
eV [2.12] the atom is referred to be physisorbed on the surface. For a value of 
approximately 1 eV of Eo, which is a strong chemical bonding, the atom is called to be 
chemisorbed. 
The adsorbed particles will diffuse on the surface of the substrate in order to find 
energetic stable positions. This surface diffusion is highly dependent on the substrate 
temperature, which was initially investigated by Movchan and Demchishin. From this 
analysis a structure zone model has been developed, which describes the microstructural 
evolution, i.e. the grain growth, as a function of the substrate temperature or the 
homologous temperature (T/Tm), where Tm is the melting temperature of the deposited 
film. The result of this investigation is depicted in Fig. 2.2.3, where three distinct 
regions are revealed as a function of the homologous temperature. 
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Fig.2.2.3: Structure zone model developed by Movchan and Demchishin [2.22]. 
 
At very low substrate temperatures (T/Tm < 0.3) the grains grow tapered with domed 
tops and with intergranular voids caused by the low adatom mobility at these low 
substrate temperatures. Due to the increased substrate temperature the grains reveal a 
columnar structure in the temperature range of 0.3 < T/Tm < 0.5. In zone three ( T/Tm > 
0.5) bulk diffusion is dominant, which leads to enhancement of the grain diameter. 
In thin film deposition process, the energy of the incoming particles influences the 
structural evolution of the film. The energetics during film deposition can be controlled 
by the total gas pressure, i.e. decrease of the total pressure leads to more scattering 
events in the gas, which reduces the kinetic energy of the incoming species. Thornton 
[2.23] has modified the aforementioned structure zone model by including also the 
argon gas pressure for the sputter deposition of metal films, which is schematically 
shown in Fig. 2.2.4. 
The main difference of the Thornton model is the appearance of a transition zone, which 
consists of fibrous grains, dense grain boundaries and smooth surface, between the zone 
one and two of the model of Movchan and Demchishin. 
In the following, the previously introduced structure zone models will be applied in 
order to explain the microstructural evolution of thin films in the presence of 
contaminants, especially the case of gradually increasing the oxygen concentration 
during the deposition of aluminium (Fig. 2.2.5) will be discussed based on the work of 
Petrov et. al.[2.24].  
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  Fig.2.2.4: Structure zone model of Thornton [2.20] 
 
The deposition of pure aluminium films with very low amount of oxygen concentrations 
yields a microstructure corresponding to the zone 2 of the Thornton model with 
columnar grain growth (Fig. 2.25a). For slightly higher oxygen to metal arrival ratios, 
O/Al ~ 10-3, oxygen is incorporated into the grain boundaries. This growth mode 
corresponds also to the zone 2, but with reduced grain diameter (Fig. 2.25b) as 
compared to the case pure aluminium. 
The increase of the oxygen to metal ratio to 10-2 leads to the preferred accumulation of 
oxygen onto certain lattice planes, which is the (111) for the case of aluminium. This 
accumulation of oxygen on specific lattice planes leads to the interruption of grain 
growth in the [111] direction. The growth in the other grain orientations is not affected, 
therefore grain growth at the initial stages is interrupted (Fig. 2.25c). 
All grains will be covered by an oxide layer, if the oxygen concentration is further 
increased (Fig. 2.25d), which yields inhibition of grain growth. This interruption of 
grain growth leads to repeated nucleation and hence to reduced grain sizes with a zone 3 
microstructure of the Thornton model. 
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Fig. 2.2.5: Structural evolution for various oxygen concentrations during the deposition 
of Al films [2.23]. 
 
 
 
2.3 Residual stress 
 
Thin film deposited on a substrate reveal various microstructural features as already 
discussed in the previous chapter. In this context the defect state of the microstructure 
plays a crucial role in achieving desired film properties. The most prominent effect of 
different kind of defects is the build up of intrinsic or residual stresses in thin films. The 
main contribution to the generation of stress in sputter deposition comes from the 
energetic particle bombardment of the growing film. The effect of energetic 
bombardment induced stress was first described by the atomic peening model [2.25], 
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which ascribes the build up of compressive stress to lattice distortion upon energetic 
bombardment. The intrinsic stress can be described within the framework of the atomic 
peening model as a function of the projectile particle energy or by the normalized 
momentum (Fig.2.26). 
 
Fig. 2.26: Evolution of intrinsic stress as a function of the energy of the bombarding 
species [2.25]. 
 
The normalized momentum Pn is given by equation (2.19) [2.26] 
 
           (2.19) 
 
where γ is the ion to atom flux ratio, m and E are the mass and the energy of the 
bombarding species. Three different regions can be discerned from Fig. 2.26. At low 
normalized momentum or low projectile energy, tensile stress can be seen due to the 
zone 1 type grain growth with a voided microstructure. Increase of the momentum to 
moderate values leads to increased energetic bombardment of the growing film, which 
results in a more dens microstructure corresponding to the zone T region with a 
maximum value of the tensile stress component. Further increase of the momentum, but 
still in the moderate range (5-40 eV/atom [2.25]), the stress undergoes a transition from 
tensile to compressive, while the compressive component reveals an kinetic energy 
mE2Pn γ=
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dependence of E1/2. At very high values of momentum the compressive stress declines 
due to the transition from the elastic to plastic flow region. 
Another model, which describes the evolution of compressive stress as a function of 
energy and flux of particles is the Davis model [2.27]. The resulting compressive stress 
in this model is caused by two different atomic processes during film deposition. The 
increase of compressive stress is caused first by the implantation of energetic particles 
below the surface region. The second contribution to the compressive stress comes from 
high energetic particles, which transfers sufficient energy via thermal spikes to the 
implanted atoms to be released from the subsurface region. According to this model the 
stress σ is given by equation (2.20) 
 
           (2.20) 
 
where E is the energy of the incoming particle, R the total deposition rate per area, j is 
the ion flux and k a material dependent parameter. Equation (2.20) can be further 
evaluated considering the cases of low and high ion fluxes. If the normalized flux R/j is 
sufficiently low compared to kE5/3, then eq. (2.20) can be written as 
 
           (2.21) 
For very high ion fluxes, the term R/j is negligible, which leads to 
 
           (2.22) 
 
From eq. (2.21) and (2.22) it is obvious that the compressive stress value can be reduced 
on the one hand by lowering the ion flux and on the other hand at high fluxes by 
increasing the energy of the ions. 
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Chapter 3 
 
 
Experimental methods and procedures 
 
 
A multitude of non-destructive techniques have been employed in order to characterize 
the sputter deposited films. The structural features have been obtained utilizing X-ray 
diffraction in the conventional Bragg-Brentano and in order to improve the sensitivity to 
the film region, measurements in glancing angle configuration are performed. Based on 
this method, especially the crystallographic phases and hence the lattice parameters 
upon variation of the deposition conditions have been determined. Detailed 
microstructural analysis has been carried out by means of conventional and high 
resolution transmission electron microscopy (HRTEM). The grain growth, i.e. the shape 
and size of the crystallites along with amorphous regions are obtained by conventional 
transmission electron microscopy, whereas the underlying unit cell and grain 
orientations are achieved by HRTEM. Moreover, structural features such as mass 
density and film thickness have been analysed by specular X-ray reflectometry with 
high experimental accuracy. In order to gain insight into the dielectric properties of the 
films, optical measurements from near infrared to ultraviolet spectral range have been 
conducted mainly by variable angle spectroscopic ellipsometry and by reflectance 
measurements. From these measurements, the dielectric function and the band gap 
energies are obtained. 
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3.1 The sputtering system 
 
The films, investigated in this study have been deposited by means of the 
reactive dc magnetron process. The deposition system consists of the chamber, the 
pumping system and the power supply unit. The deposition chamber has a cylindrical 
shape with a diameter of 50 cm and is equipped with a circular substrate holder, where 
maximal 24 substrates can be put in the same deposition run. This substrate holder is 
rotatable either manually or by a step motor electrically. Furthermore the height of the 
holder is adjustable with respect to the target; here a distance of 70 mm between the 
target and the substrate holder has been used. The targets, which are located at the 
bottom of the deposition chamber, are planar and circular with a diameter of 76 mm. In 
order to enhance the ionization efficiency and hence increase the sputter rate, magnets 
are situated below the metallic targets. A dc power generator from ELAN has been 
employed to apply the power to the metallic target. Additionally, the power generator 
provides the possibility to conduct the sputtering process in the constant current, 
constant voltage or constant power mode. The pumping system consists of a turbo 
molecular pump backed by a rotary pump, which yields base pressures up to 10-6 mbar 
in the deposition chamber. The inert (argon) and reactive gas (oxygen and nitrogen) 
flows into the deposition chamber are controlled by mass flow controllers. 
 
 
3.2 Plasma analysis: The Langmuir probe 
 
The plasma properties such as the electron temperature Te, plasma Vp and 
floating potential Vf, of the sputtering discharge has been determined by means of an 
electrical probe, the so-called Langmuir probe. A Langmuir probe consists of an 
electrically isolated electrode (wire), which is inserted into the DC plasma. By applying 
an external voltage on the Langmuir probe the current to the probe, the current-voltage 
characteristic (Fig.3.2.1) [3.2.1, 3.2.2], is measured. 
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Fig.3.2.1: Schematic illustration of a typical current-voltage curve obtained from the 
Langmuir probe measurement. Furthermore the parameters electron temperature Te, 
plasma and floating potential Vp and Vf are also depicted. 
 
One can distinguish three different regions in the current-voltage curve in Fig. 3.2.1. In 
region A, where a negative voltage is applied to the probe, positive ions are striking the 
probe. Electrons from the probe neutralize the positive ions and the resulting effect is a 
lowering of the probe current. The voltage, where the probe current is zero, is called the 
floating potential Vf. The main contribution to the probe current, if the applied voltage 
is smaller than the floating potential, is from the positive charged ions. If the applied 
voltage is equal to the plasma potential Vp, the probe has the same potential as the 
plasma. The effect is that there is no electric field, which can accelerate the charged 
species towards the probe; only the thermal energies of the electrons and the ions cause 
these particles to move to the probe and contribute to the probe current. The plasma 
potential Vp can be extracted from the second derivative of the probe current [ref]. 
Furthermore by applying a higher positive voltage (V>Vp) more electrons will be 
collected to the probe. From the transition region between the floating and plasma 
potential, one can obtain the electron temperature, by assuming a Maxwellian electron 
energy distribution, from the slope of the logarithm of the probe current [3.2.2, 3.2.3], 
i.e. 
 
           (3.2.1) 
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3.3 X-ray analysis 
 
3.3.1 Bragg’s law 
 
Owing to the fact that the wavelength of X-ray radiation has the same order of 
magnitude as the interatomic distance in crystalline matter, it is used in order to shed 
light on the atomic structure of the sputtered films. In this context the electric field of 
the radiation interacts with the electrons of the atoms, which will cause the scattering 
event. We will consider here only elastic scattering, where the energy or wavelength of 
the radiation remains unchanged. Consider the case that X-rays, with a wavelength of λ, 
are scattered from a crystalline material, i.e. from the lattice planes separated by a 
distance d, which are comprised of regularly arranged atoms (Fig.3.3.1).  
 
 
 
Fig.3.3.1: Scattering of X-rays from a crystalline material with a lattice spacing of d. 
Constructive interference of X-rays from subsequent lattice planes leading to extinguished 
intensity in θ-direction, which is well described by Bragg’s law. 
 
The X-rays, which are scattered from subsequent lattice planes, have a path difference 
of 2x, which is dependent from the angle of incidence θ and from the distance of the 
lattice planes. The scattered X-rays interfere constructively, i.e. the X-rays are in phase, 
if the path difference 2x is an integer multiple of the wavelength λ. The X-rays, which 
are out of phase, will be extinguished due to destructive interference. The angular 
distribution of the scattered X-rays is given by the Bragg equation 
 
                (3.3.1) λ=θ nsind2
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The scattering phenomenon will yield a diffraction pattern in the reciprocal space, 
which is mathematically the Fourier transform of the real space, with the dimensions of 
inverse length. If a1, a2 and a3 are the lattice parameter of the unit cell in the real space, 
than the reciprocal lattice bi [3.3.1] is given by 
 
           (3.3.2) 
 
Any lattice point in the reciprocal space can be described by a linear combination of the 
basis vectors bi 
           (3.3.3) 
 
The parameters h,k, and l are all integers, which are the Miller indices of the respective 
lattice plane. The length of the reciprocal lattice vector hklG
r
 is given by 
 
           (3.3.4) 
 
where dhkl is the distance of the {hkl} planes. The distance d of the lattice planes is 
dependent on the respective unit cell parameters and the miller indices. The lattice 
spacing d for instance for the cubic, tetragonal and hexagonal system are given by 
equation (3.3.5) 
 
 
 
 
           (3.3.5) 
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Fig. 3.3.2: Scattering of incident X-rays with wave vector k0 from the lattice planes in the 
reciprocal space. The scattering condition is fulfilled by the general Bragg condition that 
the difference between the incident and scattered wave vector, k0 and k, respectively, are 
equal to the reciprocal lattice vector G. The dotted circle represents the Ewald sphere with 
a radius of k0. 
 
If k0 is the wave vector of the incident X-rays and k that of the scattered rays, then 
Bragg’s law is given by equation (3.3.5) as illustrated in Fig.3.3.2 
 
           (3.3.5) 
 
Equation (3.3.5) gives a rather geometrical interpretation of the diffraction 
phenomenon, which was first introduced by Ewald. For elastic scattering the length of 
the wave vector’s k0 and k are equal, i.e. k0 = k= 1/λ. Diffraction occurs only, in 
direction of k, when the end of the scattered wave vector coincides with a reciprocal 
lattice point. In general diffraction phenomenon will take place if the surface of the 
Ewald’s sphere, a sphere with the radius k or k0, with an angle of 2θ between k0 and k, 
intercepts a lattice point. The difference between these two wave vectors is equal to a 
reciprocal lattice vector Ghkl, which is perpendicular to the lattice planes as shown in 
Fig. 3.3.2. 
 
3.3.2 The intensity of the diffraction peak 
 
In the following several factors affecting the intensity of the diffracted X-rays, from a 
polycrystalline material, will be discussed. For this purpose it is necessary to discuss 
first the so-called atomic scattering factor fo, i.e. the scattering caused by atoms and 
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expand the discussion for the case of crystalline matter, which consists of regular 
arrangement of atoms. 
 
a) The atomic scattering factor 
 
Consider the case that an X-ray is scattered by a single atom. The spatial distribution of 
the electrons, i.e. the electron cloud, in the atom leads to a path difference between the 
incident and scattered X-rays, which gives rise to interference effects. Since there is no 
path difference between the forward scattered and incident wave vectors, both waves 
interfere constructively, it is obvious that the amplitude of the scattered wave decays 
upon increasing the scattering angle caused by destructive interference contributions. 
Furthermore at a scattering angle of zero, the atomic scattering factor will be the same 
as the number of electrons of the respective atom. This phenomenon is described by the 
atomic scattering factor fo, which is primarily dependent on the scattering angle and the 
type of atom. 
 
b) The Structure factor 
 
By means of the Bragg’s law it is possible to predict the angle at which the scattering 
event will occur. But the intensity of the reflections belonging to the different lattice 
planes is unknown. One major contribution to the intensity I of the diffracted waves 
comes from the structure factor Fhkl given by equation (3.3.6) 
 
           (3.3.6) 
 
The structure factor depends in general from the type of atoms and from their 
distribution in the unit cell and is given by equation (3.3.7) [3.3.1, 3.3.2, 3.3.3], 
 
 
           (3.3.7) 
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where fi are the atomic scattering factor, ri the position of the atoms in the unit cell, Ghkl 
is the corresponding reciprocal vector, ρ is the electron charge density, i is the number 
of atoms in the unit cell. 
 
As an example the structure factor for copper-nitride (Cu3N), which crystallizes in the 
anti-perovskite structure, will be calculated for the (111) and (100) lattice planes using 
equation (3.3.7). The unit cell and the positions for the nitrogen and copper atoms are 
illustrated in Fig.3.3.3. 
 
 
 
Fig. 3.3.3: Unit cell of Cu3N with the anti-perovskite structure type together with the 
atomic positions. 
 
With this parameters the structure factor can be written as follows 
 
           (3.3.8) 
 
where fN and fCu are the atomic scattering factors of elemental nitrogen and copper, 
respectively. Equation (3.3.8) further evaluated for the two lattice planes (111) and 
(100) yields the structure factor 
 
            
 
This in turn means that the intensity, given by equation (3.3.6), of the (111) plane is 
higher than the intensity of the (100) lattice plane. 
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Symmetry Extinction Condition 
P None 
C (hkl), h+k  odd 
I (hkl), h+k+l odd 
F (hkl), h,k,l mixed even and odd 
 
Tab.3.1: Systematic extinction conditions caused by crystallographic symmetries, where P, 
C, I and F represents the primitive lattice, side-centred on c-face, body centred and face 
centred, respectively. 
 
Due to crystallographic symmetries of the unit cell the structure factor, for certain 
lattice planes (hkl), becomes zero. This in turn leads to extinction of the diffracted 
intensity for special lattice planes. Additionally, screw axes and glides planes will also 
cause systematic extinctions of the integrated intensities of the diffracted X-rays. Table 
3.1 [3.3.3] summarizes the systematic extinctions for different crystal classes. In other 
words, there will be no diffracted intensity from certain lattice planes, even though the 
Bragg condition is fulfilled. 
 
b) Mulitplicity of lattice planes 
 
Several lattice planes from a crystallite will have the same d-value and the same 
structure factor, which will all hence contribute to the integrated intensity equally. For 
instance, for the cubic crystal system, the lattice planes 
{ )100(),010(),001(),001(),010(),100( } will all enhance the diffracted intensity at the 
same diffraction angle, i.e. the multiplicity M will be six. 
 
c) Lorentz factor 
 
Due to the fact that the detector collects X-rays only from a certain angular region, 
which is restricted by the receiving slit in front of the detector, the integrated intensity 
must be corrected by the factor 1/sin2θ. Furthermore some reciprocal lattice points 
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remain longer at Bragg position, if the detector has a constant scanning velocity, than 
other lattice points, owing to the finite size of the reciprocal lattice points and the finite 
thickness of the Ewald’s sphere. For this reason an additional factor, 1/sinθ, has to be 
taken into account, which leads to the total Lorentz factor L (3.9) [3.3.1] 
 
          (3.3.9) 
 
d) Polarization factor 
 
The X-rays or the electromagnetic wave will be partially polarized after have been 
exposed to the scattering phenomenon, therefore the intensity of the diffracted X-rays 
has to multiplied with the polarization factor P (3.10) [3.3.1] 
 
          (3.3.10) 
 
e) Absorption 
 
In general, the intensity of the X-rays will be reduced after the interaction with the 
sample, due to absorption effects. The absorption in turn depends on the geometry and 
the physical properties of the specimen. In Bragg-Brentano configuration and for a thick 
specimen, the absorption factor is only dependent on the absorption coefficient µ and is 
equal to 1/(2µ) [3.3.3]. 
 
f) Extinction 
 
The measured intensity will be further weakened due to multiple reflections from the 
backside of the lattice planes as illustrated in Fig. 3.3.4. Caused by destructive 
interference these multiple reflections will lead to the extinction of the direct diffracted 
beam. 
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Fig.3.3.4: Multiple reflections of the incident X-ray from the backside of subsequent lattice 
planes leading to reduced intensity of the diffracted beam caused by destructive 
interference. 
 
 
g) Temperature factor 
 
At high temperatures the atoms, which build up the lattice planes will perform random 
oscillations around their equilibrium positions. These atomic vibrations will disturb 
partially the coherence of the diffracted X-rays, which is accounted with the 
temperature factor T [3.3.1, 3.3.2, 3.3.3] 
 
          (3.3.11) 
 
where B is the displacement parameter, λ the wavelength of the X-rays used and θ the 
Bragg angle. Further on the displacement parameter B is proportional to the mean 
square displacement x of each atom, as shown in equation (3.12) 
 
          (3.3.12) 
 
Equation (3.11) is an approximation, which does not consider the local composition and 
arrangement of atomic species. 
 
3.3.3 Diffraction geometries 
 
In this work two different diffraction configurations, the so-called Bragg-Brentano and 
the grazing incidence geometry, have been employed to characterize the structural 
properties of the material.  
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In the Bragg-Brentano or θ/2θ geometry, shown in Fig. 3.3.5, the X-rays are diffracted 
from the lattice planes, which are parallel to the samples surface. Therefore the out of 
plane lattice spacing is determined by this measuring technique. 
 
 
Fig. 3.3.5: The Bragg-Brentano diffraction geometry. The X-rays emerging from an X-ray 
source (S) are incident on the sample surface at an angle of θ. The diffracted beam has an 
angle of 2θ with respect to the incident beam, where it is collected with a detector (D). 
 
In order to allow different lattice planes to fulfil the Bragg condition, the sample is 
rotated about its centre. Due to the constraint that the angle between the incident and 
diffracted beam has to be 2θ, the detector is rotated at double velocity as the sample.  
 
Fig. 3.3.6a: Symmetrical grazing incidence configuration. The diffraction angle θ is in the 
sample surface plane, which the angle between the projection of the incident beam onto 
the sample surface and the vertical lattice planes. 
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Fig.3.3.6b: Asymmetrical grazing incidence geometry. The incident X-rays have an fixed 
angle of ω~ 1° with the sample surface. The angle between the incident beam and the 
lattice planes is θ. 
 
 
In the so called grazing incidence (GXRD) method, one has to distinguish between the 
symmetrical (Fig. 3.3.6a) and the asymmetrical (Fig. 3.3.6b) configuration. The incident 
X-rays have a fixed angle ω of around  1° with respect to the sample surface as shown 
in Fig.3.3.6a and b. In the case of the symmetrical GXRD, the incident beam is 
diffracted from the vertical oriented lattice planes. Here, θ is the angle between the 
vertical lattice planes and the projection of the incident beam onto the sample surface, 
whereas 2θ is the angle between the direction of the incoming beam and the diffracted 
beam as in the case of the θ/2θ configuration. Furthermore, the angle between the 
sample surface and the diffracted beam is again ω, therefore the detector is positioned 
parallel to the sample surface. In the asymmetrical case (Fig.3.3.6b), the incoming X-
rays are diffracted from vertical oriented lattice planes, which have an angle of θ with 
the incident beam. The diffracted beam in this geometry has a significantly higher angle 
than ω. In both configurations, the small angle leads to a drastic reduction of the 
penetration depth of the incident X-rays, which makes this method especially ideal for 
the investigation of thin films. Furthermore in contrast to the Bragg-Brentano geometry, 
here the in plane lattice planes, which are oriented non parallel to the sample surface, 
are analysed.  
For this work, only the Bragg-Brentano and the asymmetrical GXRD configurations 
have been used.  
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3.3.4. Microstructural features obtained by X-ray diffraction 
 
Figure 3.3.7 shows a characteristic diffraction spectrum of a polycrystalline sample 
measured in the GI-configuration, where three diffraction peaks have been identified 
belonging to different lattice spacing of copper-oxide. 
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Fig.3.3.7: Typical X-ray diffractogramm obtained from a polycrystalline thin film of 
copper-oxide in GI geometry. The incident angle was adjusted to 0.8°. Three diffraction 
peaks arising from different lattice planes can be distinguished. 
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Fig.3.3.8: Single diffraction peak illustrating the experimental measured parameters, 
intensity, peak position and full width at half maximum (FWHM). 
 
Considering only one diffraction peak, from Fig.3.3.8 three different parameters, the 
integrated intensity, the peak position and the full width at half maximum (FWHM), can 
be extracted in order to obtain microstructural properties of the sample. From the peak 
position combined with the integrated intensity one can attain the phase, the lattice 
spacing d by utilizing the Bragg equation and with the structure factor (eq. 3.3.6, 3.3.7) 
the position of the atoms in the unit cell. The peak broadening or the FWHM is 
correlated with the crystallite size, the strain and also from the instrumental settings 
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βinst. The crystallite size τ  is related to the peak broadening via the Scherrer equation 
(3.3.13) [3.3.3]  
          (3.3.13) 
 
where λ (1.5418 ∆ for Cu-Kα) is the wavelength of the X-rays used, 2θ  the Bragg 
angle and τβ  the full width of half maximum introduced by the grain size. The 
parameter K is a constant, which describes the geometrical shape of the crystallite. 
Concerning the strain, one has to discriminate between macro- and microstrain. The 
effect of macrostrain is to change the distance of the lattice planes uniformly, which 
leads to a peak shift in the diffraction pattern and hence to expansion or compression of 
the unit cell. Microstrain causes a broadening of the observed Bragg peak without a 
variation of the lattice spacing originating generally from defects, which are inherent in 
real crystals. The broadening βε introduced by the strain ε is given by equation (3.3.14) 
[3.3.3] 
          (3.3.14) 
 
Considering different peak shape functions such as Lorentzian (eq. 3.3.15) and 
Gaussian (eq. 3.3.16), the experimentally observed FWHM can be written as 
 
          (3.3.15) 
 
          (3.3.16) 
 
Since the contributions of grain size and microstrain have a different angular 
dependence, both quantities can be separated. One method to this is the Williamson-
Hall plot, which is valid under the assumption of a Lorentzian peak shape function, 
which is given by equation (3.3.15). Combining equations (3.3.13), (3.3.14) and 
(3.3.15) yields the Williamson-Hall equation (3.3.17) 
 
 
          (3.3.17) 
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With a linear relationship of βcosθ versus sinθ the grain size and the strain can be 
achieved from the intercept with the y-axis and from the slope of the plot, respectively. 
 
3.3.5 X-Ray Reflectometry  
 
With the aid of X-ray reflectometry (XRR) the film-thickness, mass density and 
roughness can be obtained irrespective of the film structure. For this purpose, the 
specimen of interest is exposed to X-rays under grazing angle of incidence and 
simultaneously the specimen is tilted with regard to the incoming X-ray. Caused by the 
difference of the refractive index at the air/film and film/substrate interface, multiple 
reflections will occur, which lead to interference effects of the specular reflected X-rays. 
This interference effect is reflected in an oscillating behaviour of the detected intensity 
upon variation of the tilt angle ω of the sample. In Fig. 3.3.9 a typical XRR 
measurement is shown. 
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Fig.3.3.9: Typical XRR measurement (symbol) together with the simulated spectrum (solid 
line) of sputtered CuO. The extracted data are the film thickness of 57 nm, the mass 
density of 6.15 g/cm
3
 and the roughness value of 1 nm. 
 
As mentioned above, the difference of refractive index n causes the reflection at the 
interfaces, which is slightly smaller than one for X-rays and is given by Eq.(3.3.18) 
[3.3.4, 3.3.5, 3.3.6]: 
          (3.3.18) βδ in −−= 1
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where δ represents the dispersion and β the absorption: 
 
          (3.3.19) 
 
          (3.3.20) 
 
where NA is the Avogadro constant, re the classical electron radius, λ the wavelength of 
the X-rays, A the atomic mass, Z the atomic number, ρ the mass density and f’, f” real 
and imaginary part of the atomic scattering factor.  
Below a critical angle αc the total intensity of the X-rays will be reflected. In order to 
calculate the critical angle αc, only the air/film interface is considered, as shown in 
Fig.3.3.10 
 
Fig.3.3.10: Reflection and refraction of X-rays at the air/film interface and the 
corresponding angles of  incidence, reflectance and transmittance αi, αf and αt. The critical 
angle is obtained from Snell’s law of refraction with the condition, that the angle of 
transmittance is 0°. 
 
Applying Snell’s law of refraction yields for the angle of incidence αi and transmittance 
αt (Eq.3.3.21) 
          (3.3.21) 
 
For the constraint, that the X-rays are total reflected (X-rays are not transmitted), i.e 
0=tα  and hence 1cos =tα . Since the value of δ is dependent on the electron density, 
it is in the order of 10-5, the critical angle must be also very small and cαcos  can be 
approximated by 21cos 2cc αα −= . The critical angle is then proportional to the square 
root of the electron density (eq. 3.3.22) 
          (3.3.22) 
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By means of eq. 3.3.22 the mass density of the film can be determined from the critical 
angle. 
In order to calculate the film thickness the X-rays, which are reflected at the 
air/film and film/substrate, are considered, as schematically depicted in Fig.3.3.11.  
 
 
Fig.3.3.11: Multipli reflection within the film leads to interference effects, which cause the 
intensity oscillations shown in Fig.3.3.9. The condition for constructive interference 
enables one to determine the film thickness. 
 
The condition, that the two X-rays interfere constructively, yields for the film thickness 
d (Eq. 3.3.23 or 3.3.24), where k is an integer 
 
          (3.3.23) 
 
          (3.3.24) 
 
Equation (3.3.24) is valid for the case that the refractive index of the substrate is bigger 
than the index of refraction of the film and vice versa for eq.(3.3.23). Since the angle of 
incidence is much bigger than the critical angle, the film thickness can be approximated 
from the difference of subsequent intensity maxima, i.e. 
 
          (3.3.25) 
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3.3.6 Strain analysis by X-ray diffraction 
 
In the following section a brief overview of the strain analysis by X-ray diffraction will 
be given, which is based on [3.3.7]. The X-ray diffraction method is based on the 
measurement of the lattice spacing dφψ  by variation of the azimuth angle φ and the ψ, 
which is the angle between the sample normal and the diffraction vector hklg
r
 or the 
angle between the z-component of the laboratory zL
r
 and specimen coordinate system 
zS
r
. The strain hklzz
~ε  in the lattice plane (hkl) in the laboratory system is given by the 
equation (3.3.26) [3.3.7]: 
          (3.3.26) 
 
The parameter d0 is the unstrained lattice spacing. The strain tensor ijε  in the specimen 
coordinate system has the following form for an anisotropic material (eq. 3.3.27): 
 
          (3.3.27) 
 
The correlation between the strain components in the laboratory and specimen 
coordinate system is given by the transformation of the two coordinate systems. We will 
do this in two steps: 
 
a) Rotation around the z-axes at an angle φ:  
 
          (3.3.28) 
 
b) Rotation around the y-axis at an angle ψ: 
 
          (3.3.29) 
 
Combining equations (3.3.28) and (3.3.29) yields for the transformation of the 
laboratory to the specimen frame: 
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Applying equation (3.3.30) for the strain tensor yields eq. (3.3.31): 
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Furthermore the stress for an anisotropic material is obtained from eq. (3.3.31) using the 
generalized form of Hooks law (3.3.32), 
          (3.3.32) 
 
where the Cijkl are the stiffness coefficients. For cubic crystal systems the stiffness 
matrix Cijkl consists of three independent components, C11, C22, C33 and C12 which has 
the form given by equation (3.3.33) [3.3.2].  
 
 
          (3.3.33) 
 
 
By variation of the angle φ (e.g. 0°, 45° and 90°) and ±ψ it is possible to determine the 
complete strain state of the material using equation (3.3.31). For a biaxial stress, i.e. 
0zzij =σ=σ , eq. (3.3.31) becomes to  
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The inverse of eq. (3.3.32), for isotropic material, is given by 
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Combining Eq (3.3.34) and (3.3.35) yields for the strain 
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The utilization of Eq. (3.3.36) yields a linear relationship between the lattice spacing 
and sin2ψ, which is known as the sin2ψ method. Elaboration of Eq. (3.3.36) gives the 
stress value φσ , if the Young’s modulus E, Poisson’s ratio ν and the unstrained lattice 
spacing d0 is known. Figure (3.3.12) shows a typical measurement of the lattice spacing 
by variation of the tilt angle ψ between 0° and 60° for the (111) direction of 
polycrystalline copper-nitride. 
 
Fig. 3.3.12: Lattice spacing of copper-nitride in (111) direction versus sin
2ψ as measured 
by variation of the tilt angle ψ up to an angle of 60°. 
 
 
 
 
 
 49 
3.3.7 The X-ray setup 
 
For the X-ray measurements, a Philips X’pert Pro MRD system with Cu-Kα radiation 
was used. The measured XRD-data were compared to the JCPDS international 
diffraction database in order to identify the phases of the films. A schematic description 
of the system is shown in Fig.3.3.2. 
 
Fig. 3.3.13: Experimental setup for the X-ray measurements. A) Setup with the 
parallel plate collimator in the diffracted beam path for the GXRD measurements. B) 
Setup for the Bragg-Brentano configuration and the XRR technique. C) Photography 
of the Philips X’pert system 
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The X-ray system can be divided in three main components, the incident and diffracted 
beam optics and the sample stage. The incident beam optics consists of the X-ray tube 
along with the different slits, such as the divergence and the anti-scatter slits, which are 
necessary in order to control the divergence of the incident beam. The main part of the 
diffracted beam optics is the detector together with different slits and masks. Two 
different kinds of detectors have been used in this work, the proportional gas counter 
detector, which contains a gas mixture of xenon and methane, and the so-called X-
Celerator detector. The X-Celerator is a multiple stripe detector, which enables the 
detection of multiple X-ray photons simultaneously and hence results in very fast data 
collection times. The configuration shown in Fig. 3.3.13 (A) was used for the GXRD 
analysis, whereas for the θ/2θ and the XRR measurement the configuration given in 
Fig. 3.3.13 (B) has been used. For the residual stress analysis the configuration in Fig. 
3.3.13 (A) has been used with the detector in the point focus configuration, in order to 
assure high intensity of the diffracted X-ray beam upon tilting the specimen to high 
angles with respect to the incident beam. 
 
3.4 Transmission electron microscopy 
 
Transmission electron microscopy (TEM) is a powerful method in order to 
obtain detailed information about the microstructure of a material such as crystal 
structure, grain size distribution, grain growth, defect state etc. Compared to X-ray 
diffraction methods, it has for instance the advantage that local structural features such 
as small amorphous inclusions can be resolved. Furthermore, with the combination of 
analytical techniques the local composition, for example across a grain boundary, can 
be determined.  
In TEM an electron beam is interacting with the specimen of interest. 
Undergoing this interaction, some of the electrons are passing the electron transparent 
specimen without energy loss, some of them are scattered (elastically and inelastically) 
as shown in Fig. 3.4.1.  
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Fig.3.4.1: Interaction of the incident electron beam with the specimen, which results in the 
generation of various beams. These generated and scattered electrons in turn are used in 
different analytical methods such as EELS and EDS. 
 
Most of these electrons and X-rays are exploited by combining the TEM with 
additional analytical techniques such as electron dispersive spectroscopy (EDS) and 
electron energy loss spectroscopy (EELS). 
The elastically and inelastically scattered electrons are used for electron 
diffraction analysis and for EELS, respectively. Some of the electrons are backscattered 
and X-rays are also generated, which are utilized in scanning electron microscopy 
(SEM) and EDS in order to determine the local composition, respectively.  
 
3.4.1 The electron microscope 
 
The major difference between conventional light and electron microscope is the 
use of magnetic lenses in the case of TEM instead of glass lenses in optical 
microscopes. The resolution in optical microscopy is mainly limited by the wavelength 
of the light used and the numerical aperture. One possibility to achieve better resolution 
is to reduce the wavelength λ, which can be done for electrons by accelerating them to 
higher velocities near to the speed of light c. 
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  Fig.3.4.2: Basic setup of a transmission electron microscope. 
 
In Fig.3.4.2 the basic principle of a TEM is shown schematically. The electrons 
are generated in the electron source, which consists of a field emission (FEG) or a 
thermionic gun. In the case of the FEG a high electric field is applied to the cathode, 
which generates the electrons via the quantum mechanical tunnelling effect from the 
cathode to the vacuum. The cathode for the case of the thermionic gun is directly heated 
up to very high temperatures. If the energy gain for electrons is higher than the work 
function of the cathode material the electron will be released from the cathode. After the 
electrons have been generated, an electric field with a voltage U will be applied in order 
to accelerate them to achieve the desired wavelength. Since the velocity of the electrons 
is near to the speed of light, the calculation of the wavelength should be relativistic. 
Combination of the Eq. (3.4.1) and (3.4.2) gives the wavelength of the electrons, which 
is dependent of the accelerating voltage U [3.4.1, 3.4.2] 
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           (3.4.1) 
 
           (3.4.2) 
 
           (3.4.3) 
 
 
where m0c
2 is the rest energy of the electron (0.5 MeV), e the electron charge. For an 
accelerating voltage of 100 and 200 kV the wavelength of the electron is 3.9 and 2.7 
pm, respectively. Furthermore several condenser lenses are employed to direct and vary 
the electron beam towards the thin specimen. Additionally objective and several 
projective lenses, which are not shown in Fig. 3.4.2, are used to direct the transmitted 
electrons to the viewing screen or the CCD camera. An objective aperture is used, 
between the objective and projective lenses, in order to select certain electron beams for 
different imaging modes. As mentioned above all lenses are magnetic lenses. One can 
change the magnification for example by varying the strength of the magnetic fields.  
 
3.4.2 Electron diffraction and imaging modes in TEM 
 
In electron diffraction, the electrons are diffracted from the lattice planes according to 
the well known Bragg law similar to the case of the X-ray diffraction. The main 
difference to X-ray diffraction is that the angles in electron diffraction are much smaller 
than in XRD, i.e. the lattice planes are almost parallel to the electron beam. The reason 
for this difference is the high energy of the electrons, which leads to small wavelength 
of the electrons. The electron diffraction is schematically shown in Fig. 3.4.3, which is 
similar to the X-ray diffraction depicted in Fig. 3.2.  
In Fig. 3.4.3 the diffraction from a thin specimen is shown, which leads to elongated 
reciprocal lattice points. This leads to the fact that electrons are diffracted even if they 
are not in exact Bragg position. The general Bragg law is given by (Eq. 3.4.3) 
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where k0 and k are the wavevectors of the incident and diffracted electrons and s is the 
so-called excitation error. 
 
 
Fig. 3.4.3: Electron diffraction from a thin specimen. Shown is the reciprocal lattice, with 
elongated lattice points. The Ewald sphere is indicated by the dashed line. Diffraction 
phenomenon occurs even for the case that the Ewald sphere does not intercept exactly the 
lattice points. 
 
The excitation error corresponds to the diffraction peak broadening caused by the finite 
size of the crystallites and the microstrain. Considering the case of kinematical theory, 
which is valid for very thin sample thicknesses and for neglecting multiple scattering 
events. In this case the intensity I of the diffracted beam from an ideal crystal of 
thickness d is given by (3.4.4) 
 
           (3.4.4) 
 
where s is the excitation error and k the extinction distance, which is given by (Eq. 
3.4.5) 
           (3.4.5) 
 
where Vc is the volume of the unit cell, θ the Bragg angle, λ the wavelength of the 
electron and Fg the structure factor as described in chapter 3.3.2. According to Eq. 3.4.4 
the intensity shows an oscillatory behaviour upon varying the specimen thickness and 
the excitation error. Therefore, one has to keep in mind that the contrast of an image is 
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strongly affected by thickness variations. Furthermore, the contrast is also influenced by 
the extinction distance (Eq. 3.4.5), which is dependent on the structure factor, the 
wavelength of the electron and hence from the accelerating voltage of the microscope. 
For instance, if the structure factor is large than the extinction distance will be small. 
If the sample thickness increases multiple scattering of the electron beam has to be 
taken in to consideration, which is fulfilled by the dynamical theory. In order to 
describe the diffraction from a thick specimen, two electron beams are considered, 
namely the direct and one strongly diffracted beam. The variations of the amplitude of 
the direct and diffracted beam as a function of the distance through the crystal are given 
by the Howie-Whelan equations [3.4.1] (Eq. 3.4.6) 
 
 
           (3.4.6) 
 
 
where φ0 and φg are the amplitude of the direct and diffracted beam, ξ0 and ξg the 
extinction distance for the direct and diffracted beam, respectively. The Howie-Whelan 
equations describe the coupling of the amplitudes of the direct beam with the diffracted 
beam. For example, the second term in (eq. 3.4.6) describes the interaction of the 
diffracted beam with the direct beam. It is similar to the case of the well known two 
coupled oscillators in classical mechanics. The intensity of the diffracted beam is again 
given by equation (3.4.4), where in this case the excitation error s is replaced by an 
effective excitation error seff [3.4.1] 
 
           (3.4.7) 
 
In this work three types of imaging modes are used, namely the bright field, dark field 
and high resolution modes. In order to illustrate the differences of these imaging modes 
a crystalline material will be considered. In Fig. 3.4.3 the bright field imaging mode is 
sketched. Some of the incident electrons are transmitted without being scattered from 
the specimen (green lines), but some of the electrons are diffracted (red dotted line) 
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from the lattice planes according to the well known Bragg law similar to the case of X-
ray diffraction. In the bright-field imaging mode only the transmitted electron beam is 
used for imaging and the diffracted beam is inhibited with the aperture. 
 
  Fig.3.4.3: Bright-field imaging mode (adopted from [3.4.1] and [3.4.3]) 
 
For this reason the amorphous regions or crystalline areas, which are not in Bragg 
position appear bright and the Bragg oriented crystalline regions appear dark. 
 In the dark field imaging mode one or many of the diffracted beams are used for 
imaging and the transmitted beam is blocked by means of the objective aperture, which 
leads to the case that the crystalline regions, which are Bragg oriented, appear bright. 
With the dark field imaging mode for instance one can select certain crystal orientation 
to investigate the grain growth in this special direction. 
 In the high resolution imaging mode the objective aperture is selected in such a 
way that at least two beams are allowed to contribute to the image formation. In this 
case the resultant image is an interference pattern, which is not directly interpretable. A 
simulation of the image under the basis of quantum mechanical calculations and the 
underlying crystal structure is necessary. 
 
 
 57 
 
   Fig.3.4.4: Dark-field imaging mode 
 
 
 
   Fig. 3.4.5: High resolution imaging mode  
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3.4.3 Contrast in TEM 
 
In general contrast C is defined as the relative difference in intensity of two adjacent 
regions (Eq.3.4.8) 
           (3.4.8) 
 
In TEM there are three different types of contrast, which is observed with the afore-
mentioned imaging modes.  
The first is the diffraction contrast, which is observed in the case of bright- and 
dark-field imaging mode, which is determined by the Bragg condition.  
The second is the mass density and thickness contrast, which is caused by 
incoherent elastic scattering or Rutherford scattering of electrons. Since the cross 
section for elastic scattering depends mainly on the atomic number Z, i.e. on the mass 
density. If the thickness is increased more scattering events will be take place and hence 
the elastic scattering is also dependent on the thickness of specimen. Regions with a 
homogenous mass density and a higher thickness will appear darker than regions, which 
are thinner, if there is not a contribution of diffraction contrast. This kind of contrast can 
be also found in bright and dark field imaging mode, and is the main contribution to the 
contrast for amorphous materials. 
The third is the phase contrast and is observed in the high resolution imaging 
mode. Since the image is an interference pattern of the coherently diffracted electron 
beams, the contrast is caused by the phase of the electron wave function. 
 
3.4.4 The experimental setup and sample preparation 
 
Two different transmission electron microscopes have been used in this work, a Philips 
CM20 with an accelerating voltage of 200 kV and a FEI Titan 80-300. The Philips CM 
20 microscope has been employed in order to perform conventional TEM and 
diffraction analysis. Aberration corrected high resolution measurements has been 
carried out with the FEI Titan microscope working at 300 kV with a negative spherical 
aberration value of -13 µm. 
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The films for the HRTEM investigation have been deposited directly on carbon coated 
copper-grids, with 10 nm film thickness. For conventional TEM analysis, the samples 
were prepared on Si (100) substrates using the standard mechanical thinning procedure 
followed by ion milling at 5 kV with argon ions, given in Fig. 3.4.6. 
 
  Fig. 3.4.6a : Sample preparation steps for plan view TEM analysis. 
 
The sample preparation for the plan view investigation is shown in Fig. 3.4.6a. For this 
purpose a circular shaped part of the specimen, which is 3 mm in diameter, will be 
cutted with an ultrasonic cutter. In the next step, the specimen will be glued with the 
film side to a sample holder. Subsequently, the specimen will be grinded mechanically 
from the substrate side up to a total thickness of ~ 100 µm. The mechanical grinding 
will be continued employing a grinding wheel, which yields a groove like shape of the 
specimen with a total thickness of ~ 25 µm as shown in Fig. 3.4.6a. The mechanical 
grinding is followed by bombarding the specimen from the substrate side with argon 
ions, which has been accelerated by a high tension of 5 kV. In order to ensure 
homogeneous sputtering, the specimen is rotated. Additionally, the sample is cooled by 
liquid nitrogen during the sputtering process, which minimizes the bombardment 
induced heating of the specimen. 
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 Fig. 3.4.7 : Sample preparation steps for cross section TEM analysis. 
 
For the preparation of the cross section specimen, the sample is cutted vertically as 
indicated by the dotted line in Fig. 3.4.7a. Afterwards, both parts are attached from the 
film side with a two component glue (yellow in Fig. 4.3.7b) to a sandwich like stack. 
From this sandwich layer stack pieces have been cutted as shown in Fig. 3.4.7c, which 
have been subsequently exposed to the same preparation procedures introduced in the 
description of the plan view specimen part. 
 
 
3.5 Ellipsometry 
 
Ellipsometry is a non-destructive experimental technique, which allows one to 
extract the optical constants, i.e. the refractive index n and the extinction coefficient k, 
or the dielectric function ε of a material. As a by-product the thickness of a multilayered 
structure is also obtained.  
In ellipsometry, polarized light is reflected under an oblique angle of incidence from a 
specimen, which changes the polarization state (in general elliptically polarized) of the 
reflected light depending on the optical properties of the material under study. The 
reflection of polarized light from an interface is described by the complex Fresnel 
reflection coefficients rp and rs (Eq.3.5.1), where p and s stays for parallel and 
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perpendicular oscillating electric field vector of the light with regard to the plane of 
incidence, which is shown in Fig (3.5.1) for a bulk material. 
 
Fig. 3.5.1: Reflection of polarized light from a bulk material, i.e. at the interface 
air/material with the refractive index of n0 and n1, respectively. Denoted are also the 
components of the electric field vector of the light. 
 
The Fresnel coefficients for this configuration are given in Eq. (3.5.1): 
 
 
 
           (3.5.1) 
 
 
 
where θ is the phase of the electric wave vector, Ei and Er are the incident and reflected 
electric field vectors, respectively. 
 
The ratio ρ [3.5.1] of the Fresnel coefficients is determined in ellipsometry, where ψ 
stays for the ratio of the amplitudes (
s
p
r
r
tan =ψ ), and ∆ is the phase shift ( sp δ−δ=∆ ). 
 
           (3.5.2) 
 
The complex dielectric function ε can be expressed using the quantity ρ [3.5.1, 3.5.2] 
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                (3.5.3) 
 
where φ is the angle of incidence. More important for this work is the case of a thin film 
with a thickness of d on a substrate (Fig. 3.5.2).  
 
 
Fig.3.5.2: Reflection and refraction of polarized light at the interface air/film and 
film/substrate, where multiple reflection in the film with thickness d occur. 
 
Here, the ratio ρ (Eq.3.5.4) has the same mathematical structure as in Eq.3.5.2, but one 
has to consider two Fresnel coefficients r01 and r12 resulting from the interfaces air/film 
and film/substrate, respectively. 
 
           (3.5.4) 
 
The parameters Rp and Rs (Eq.3.5.5) are dependent on the Fresnel coefficients r01 and 
r12 . 
           (3.5.5) 
 
Additionally, a phase shift β (Eq.3.5.6) is introduced by the film thickness, 
 
           (3.5.6) 
 
where λ is the wavelength of the light, φ the angle of incidence, n0 and n1 are the 
refractive index of air and film, respectively. Similar to the case of a bulk material, the 
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dielectric function ε is represented by eq.3.5.3 and contains information of the substrate 
and the film, whereas ρ is given by eq.(3.5.4). In order to obtain the optical constants of 
the film, an appropriate physical model corresponding to the physical properties of the 
film has to be employed to fit the experimental data. In this work several physical 
models such as the Drude, Lorentz and the so-called OJL-model [3.5.3] have been 
applied. The Drude and the Lorentz models are well known in the literature, therefore 
the OJL-model will be described briefly. The OJL-model has been developed from 
O’Leary, Johnson and Kim [3.5.3] in order to describe the interband transitions upon 
electronic excitation for disordered semiconductors. In the classical theory the density 
of states for optical transitions have a parabolic dependence on the energy, but here the 
density of states have tail states, which decay exponentially into the band gap region 
(Fig.3.5.3). The broadening γ, which is a parameter of the model, is related to the 
structural disorder of the material, i.e. an increase of the broadening represents an 
enhancement of the structural disorder. 
 
  Fig. 3.5.3: Density of states according to the OJL model 
 
In this work a variable angle spectroscopic ellipsometer from Woollam M-2000UI has 
been used. The principal configuration of an ellipsometer is shown in Fig.3.5.4. The 
main components are the light source, the polarizer and a rotating compensator for the 
Woollam M-2000UI ellipsometer in the incident beam path. The light source consists of 
a halogen and deuterium lamp covering a total spectral range of 0.73 to 5.14 eV. In the 
reflected beam path, the light passes through the analyzer to the detector, which is a 
CCD camera. 
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Fig. 3.5.4: Principle features of an ellipsometer. L,P,C,S,A and D are denoting the light source, the 
polarizer, the compensator, the specimen, the analyzer and the detector. 
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Chapter 4 
 
 
Results 
 
We can divide this chapter in two main sections, where the physical properties 
of the copper- and nickel-oxynitride films will be discussed. To do this, reference 
system of the corresponding oxides and nitrides of copper and nickel are of importance. 
For this reason first the physical properties of copper-oxide, copper-nitride and nickel-
oxide and nickel-nitride have been investigated prior to the discussion of the oxynitride 
films. 
 In particular, the emphasis of the physical analysis lies mainly on the structural 
features, including phase formation, crystalline quality, variation of the grain orientation 
and atomic composition. Nevertheless, in order to obtain films with defined physical 
properties the knowledge of the deposition parameters, especially that of the deposition 
rate is crucial. In order to infer the potential fields of applications, the electrical and 
optical properties have been also analysed.  
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4.1 Properties of copper oxide films 
 
Copper oxide films were deposited onto glass substrates using reactive dc 
magnetron sputtering. With the change of the deposition parameters, especially the 
oxygen flow rate, it was possible to tailor both structural as well as the optical 
properties of the films. For oxygen flow rates above around 25 sccm the films consist 
mainly of the CuO phase with a bandgap value of ~ 1.2 eV, while below 25 sccm a 
mixed phase of CuO and Cu2O prevails. The increase of sputter pressure up to 3 Pa 
leads to remarkable improvement of the crystalline quality of the films, which is 
attributed to the reduced bombardment of the growing film with energetic oxygen ions. 
 
 
4.1.1. Introduction 
 
Thin copper oxide films have several promising applications in different 
industrial areas. Due to their property as a semiconductor they are used as thin oxide 
layers [4.1.1, 4.1.2] in the production of devices such as diodes or transistors. The high 
absorption coefficient of cuprous oxide (Cu2O), which has a direct bandgap between 2 
and 2.3 eV [4.1.3, 4.1.4], is ideal for applications in photovoltaic devices or as a solar 
absorber. Other applications of copper oxide include the material in gas-sensors [4.1.5] 
and as electrochromic layers [4.1.6]. Furthermore copper oxide is the main building 
block in high temperature superconductors.  
Different deposition techniques have been employed to prepare thin copper 
oxide films such as filtered cathodic vacuum arc, electrochemical- [4.1.7] and chemical 
deposition techniques [4.1.2], thermal evaporation [4.1.8], sol-gel [4.1.3], chemical 
spray [4.1.9], molecular beam epitaxy [4.1.10] and rf- and dc-magnetron sputtering 
[4.1.11 – 4.1.16]. The general trend for the structural evolution in most of these 
publications reveal the formation of the phases Cu, Cu + Cu2O, Cu2O, CuO upon 
increasing the oxygen flow rate or the partial pressure of oxygen. The formation of 
paramelaconite (Cu4O3) is also observed [4.1.14, 4.1.15]. Compared to other deposition 
techniques reactive sputtering enables a simple modification of film properties by 
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variation of sputter parameters such as pressure, current or oxygen gas flow rate 
combined with offering thickness uniformity. Hence a sound understanding of the 
correlation between deposition parameters and resulting film properties is essential to 
tailor desired film properties. 
The presence of negatively charged oxygen ions in the sputtering of oxide films 
plays an important role regarding the structure of the deposited films [4.1.17]. The 
existence and the energy distribution of these negatively charged oxygen ions has been 
measured by energy resolved mass spectroscopy [4.1.18, 4.1.19]. Regarding the energy 
distribution of the oxygen ions, three different energy regimes has been identified, 
namely low, medium and high energy oxygen ions. The medium and high energy ions 
are formed at the targets surface, which are accelerated with energies corresponding to 
the half and full target potential, respectively. The medium energy oxygen ions consists 
of −2O - ions and the high energy ions of O
-, whereas the low energy oxygen ions are 
formed in the plasma. 
In this work, the effect of deposition parameters such as oxygen flow and total 
pressure on the optical and structural properties of copper oxide films has been 
investigated. Particular emphasize has been put on understanding the impact of 
energetic oxygen ions that are important during the reactive magnetron sputtering 
process as mentioned beforehand. Structural properties have been investigated by X-ray 
diffraction and transmission electron microscopy. The residual stress was determined 
upon variation of the oxygen flow rate and pressure. 
 
4.1.2 Experimental procedure 
 
 Copper oxide films have been deposited on glass substrates and on silicon (100) 
wafers by reactive dc magnetron sputtering from a metallic copper target. Prior to 
deposition the chamber was evacuated with a turbo molecular pump to a pressure of 
5.5⋅10-6 mbar. The samples are prepared at a constant current of 500 mA and a pressure 
of 0.8 Pa. The distance between target and substrate was kept constant at 70 mm. The 
sputtering of the target was carried out at room temperature in an argon- oxygen gas 
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mixture, where the oxygen flow has been changed between 0 and 50 sccm while the 
total pressure was kept constant. The specimens for the TEM analysis have been 
deposited on silicon substrates and the standard mechanical thinning procedure 
followed by argon ion milling as described in chapter 3 applied. 
 
 
4.1.3 Results and discussion 
 
Target characteristics 
 
For target characterisation the target voltage and the mass deposition rate have 
been measured as a function of oxygen flow rate. For this purpose the total pressure in 
the sputter chamber was kept constant at 0.8 Pa, by reducing the argon flow rate upon 
increasing oxygen flow. The corresponding data are shown in Fig.4.1.1. The mass 
deposition rate was measured using a quartz crystal microbalance. The deposition 
process leads to an increase of the thickness of the quartz crystal, which in turn changes 
the resonance frequency of the quartz crystal. Prior to the measurement one has to 
assume the density and the Z-ratio, which is determined by the elastic properties, of the 
deposited film.  
From Fig.4.1.1, three distinct regions can be discerned. The first one ranges from 
0 to approximately 20 sccm O2. This range is characterized by a significant initial 
increase of the target voltage with increasing O2 –flow from 0 to 4 sccm. For flows from 
20 to 30 sccm O2 the target coverage exhibits the transition from the Cu2O to the CuO-
phase. Finally above 30 sccm the target is fully oxidized with almost no change in the 
voltage and a constant mass deposition rate.  
The initial steep rise of the cathode voltage might be caused from a strong 
chemical modification or implantation of reactive ions into the target surface, as 
observed for other materials as well, for instance the implantation of nitrogen ions in 
silver films, which leads to the increase of the target voltage [4.1.20]. Another 
possibility is the partially coverage of the target with the Cu2O-phase. The addition of 
oxygen into the sputter chamber leads to ionisation of the oxygen by electrons from the 
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plasma. This leads to removal of secondary electrons, which maintain the plasma 
discharge, and hence a higher voltage is needed in order to keep the current constant. 
Another possible reason is the secondary electron emission coefficient of Cu2O around 
1.2 [4.1.21], which is smaller than that for pure copper (1.3) [4.1.10], resulting in an 
initial increase of the target voltage as mentioned beforehand. The cathode voltage is 
inversely proportional to the secondary electron emission coefficient, which is higher in 
the oxidic mode than in the metallic mode for the CuO-phase as stated elsewhere 
[4.1.22]. This increase of the secondary electron emission coefficient in the compound 
mode, for the CuO-phase, can explain the strong drop of the target voltage. 
 
 
Fig.4.1.1: Dependence of the target voltage and the mass deposition rate upon increasing 
and decreasing the oxygen flow. The red dashed lines indicate the different sputtering 
regimes, i.e. the metallic, transition and oxidic regions. 
 
Notable is the large difference in the mass deposition rates for 14 and around 30 sccm 
O2 flow. A possible explanation of the variation of the mass deposition rate could be the 
increase of the binding energy from the transition of Cu2O to CuO, because the sputter 
yield is inversely proportional to the binding energy. Since there is no data about the 
binding energy of these two oxides one can only assume that the binding energy of the 
CuO-phase is higher than that of the Cu2O-phase. Based on the heat of formation for 
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both phases, which is 1.79 eV/mol for Cu2O and 1.63 eV/mol for CuO, i.e. 
approximately 0.8 eV/atom for Cu2O and 1.63 eV/atom for CuO, we suppose that the 
bond strength of CuO is higher than the bond strength for the Cu2O phase. 
 
Stoichiometry and crystallographic phases 
 
a) Composition 
 
The composition of the films was investigated with Rutherford backsputtering 
experiments for samples grown with different oxygen flows. Fig.4.1.2 shows the result 
of a typical measurement with the corresponding fitting generated with the RUMP 
software package [4.1.23].  
 
Fig.4.1.2: Typical RBS spectrum (black) and simulation (red) of a CuO film obtained 
for an oxygen flow of 46 sccm.  
 
The area under the peak is proportional to the amount of the element, whereas the peak 
width is a measure of the film thickness. In this case the films were sputtered on 
graphite in order to avoid the overlap of the oxygen peak with the silicon substrate peak. 
The uncertainty in the measurements is not bigger than 5 % since the films have been 
deposited on carbon substrates. Furthermore the films with different compositions are 
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compared instead of the absolute values. The oxygen and copper contents are plotted in 
Fig.4.1.3 versus the oxygen flow. 
 
Fig.4.1.3: Oxygen and copper content of the films deposited at different oxygen flows. The 
red dashed lines indicate the oxygen amount of the phases Cu2O and CuO. The 
intersection of the red lines with the measured curve gives the oxygen flow value, where 
the corresponding phases starts to form. The blue and black lines serve as guide for the 
eye. 
 
In Fig.4.1.3 the atomic composition of copper and oxygen upon increasing the oxygen 
flow is plotted. The red dotted lines indicate the amount of oxygen, where the 
corresponding Cu2O and CuO phases will be formed. The intercept of these lines with 
the measured composition data give a value of 9 and 23 sccm oxygen flows for the 
formation of the Cu2O and CuO phases, respectively. It is evident, that with increasing 
oxygen flow the oxygen content should increase accompanied by a decrease of the 
copper amount, which is also reflected by the composition analysis. Beyond 25 sccm 
oxygen flow a saturation is observed, which agrees with the predicted value for the 
phase formation of CuO, as seen by the intercept of the red line. 
 
b) Structural evolution 
 
The crystal structure and the film phases upon variation of the oxygen content 
has been measured by X-ray diffraction in Bragg-Brentano and grazing incidence 
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geometry, at an incident angle of 0.8°. For this purpose approximately 300 nm thick 
films of copper oxide have been deposited on glass substrates. The scans, which have 
been recorded for 2θ values ranged from 30° to 90°, are displayed in Fig.4.1.4a. The 
grazing incidence measurements for three samples are shown in Fig. 4.1.4b. A 
polycrystalline silicon substrate has been used to align the X-ray setup.  
The XRD spectrum in Fig. 4.1.4a reveals the structural changes upon variation 
of the oxygen flow between 0 and 46 sccm. The increase of the oxygen flow leads to the 
formation of the Cu2O phase at a flow of 8 sccm. Further increase of the oxygen flow at 
around 14 sccm causes the formation of the CuO, i.e. the coexistence of both phases 
Cu2O and CuO. For oxygen flows beyond 20 sccm, the film consists only of the CuO 
phase. According to these results the formation of the Cu2O phase is favoured for low 
oxygen flows compared to the CuO phase. The coexistence of the phases Cu2O and 
CuO and the subsequent decrease of the amount of the Cu2O phase for higher oxygen 
flows suggest the assumption that the Cu2O phase, which is present at the target surface, 
is transformed stepwise into the CuO-phase by supplying more oxygen to the system, 
according to the following chemical reaction (4.1.1): 
 
x⋅Cu2O + ½ O2 → (x-1)⋅Cu2O + 2CuO    (4.1.1) 
 
And therefore it is reasonable that both phases coexist during this transformation. For 
higher oxygen flows we get the pure CuO phase with a monoclinic structure, which is 
shown in Fig.4.1.5. Remarkable is the fact that the peak intensity from the (200) plane 
of Cu2O is much larger than that of the CuO-phase. This means that the cubic Cu2O 
phase has more structural order in growth direction compared to the CuO phase. 
Another possible reason for the low peak intensity of CuO could be the presence of 
amorphous areas in the CuO phase. The corresponding lattice parameters and the unit 
cells of the phases are given in Tab. 4.1.1 and Fig. 4.1.5, respectively. 
A further surprising observation is the low peak intensity of the pure Cu film. One 
possible explanation is the existence of defects in the growing copper layer. On the 
other hand one should also consider the diffusion of copper into silicon or silicon 
dioxide. It is well known from the literature [4.1.24, 4.1.25] that copper, which is very 
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often used in ultra-large-scale integrated circuits, has the highest diffusivity among the 
transition metals [4.1.26, 4.1.27] in silicon and silicon dioxide [4.1.28, 4.1.29].  
It is reported that the diffusion coefficient of copper in silicon dioxide is around 10-8 
cm2/s at a temperature of 300 °C [4.1.30, 4.1.31]. Another possibility is the reaction of 
copper with the substrate (SiO2), which will be discussed later in connection with the 
TEM results, resulting in the formation of copper-silicide (∆Hf = -0.14 eV/mol for 
Cu3Si [4.1.32]), which in turn can reduce the peak intensity of pure copper. Since no 
diffraction peaks of copper-silicide is observed in the XRD spectrum, it is supposable 
that the copper-silicide content is to low to detect with XRD or the copper-silicide has 
an amorphous structure. 
The grain size G was estimated from the full width at half maximum of every peak 
using the Scherrer equation
Θcosβ
λK
G =  [4.1.33], where λ is the wavelength of the X-
rays used, 2θ the Bragg angle and β the full width of half maximum after subtracting the 
contribution of the instrument to the broadening of the peak. The parameter K is a 
constant, which describes the geometrical shape of the crystallite. Here we assume no 
broadening by microstrain. The characteristic structural parameters, and the grain size, 
which are calculated from the grazing incidence and θ/2θ- measurements are 
summarized in table 1 and 2. 
 
Phase structure cell parameter [Å] 
Cu2 O cubic a = 4.37 ± 0.02 
CuO monoclinic 
a = 4.65 ± 0.02 
b = 3.55 ± 0.02 
c = 5.21 ± 0.03 
β = 99.29° 
 
Tab.4.1.1: Structure, phase and cell parameters of the sputtered copper oxide films. 
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Fig.4.1.4a: θ/2θ-scan of copper and copper oxide films with different oxygen content. The 
dotted lines indicate the literature value of the peak positions for the different phases. 
 
 
O2 –flow 
[sccm] 
Bragg angle θ 
[°] 
grain size  
[nm] 
0 
4 
8 
14 
20 
21.6 ± 0.01 
18.2 ± 0.01 
20.7 ± 0.01 
21.0 ± 0.01 
17.6 ± 0.01 
18.1 ± 2.6 
7.0 ± 0.6 
6.8 ± 0.4 
6.4 ± 0.4 
16.7 ± 2.0 
 
Tab.4.1.2: Grain size for different oxygen flow rates 
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Fig. 4.1.4b: Grazing incidence measurement at an angle of 0.8° for three samples with 
different oxygen flows. The dotted lines indicate the JCPDS value for the corresponding 
phase. 
 
 
 
 
Fig.4.1.5: Crystal structure of Cu2O and CuO. Unit cell of the simple cubic Cu2O (cuprite) 
can be seen on the left hand side, whereas the unit cell of the monoclinic CuO (tenorite) is 
shown on the right hand side. 
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c) Combination of RBS and XRD data: Quantification of the phase formation 
 
It is furthermore possible to obtain the ratio of the different phases from the RBS 
measurements, if one assumes the stoichiometric formation of the phases Cu and Cu2O 
for lower oxygen flow rates according to the XRD measurements and the coexistence of 
Cu2O and CuO-phases for oxygen flow rates up to 20 sccm. This is supported by the 
heat of formation to create the different phases, which is -1.79 eV/ mol for Cu2O, while 
-1.63 eV/mol are needed to form CuO. Thus, the formation of Cu2O is preferred as long 
as the amount of oxygen in the gas phase is insufficient to form CuO. 
This leads to the following equations (4.1.2) and (4.1.3): 
 
CuxOy  → a Cu + b Cu2O   q(O2) < 10 sccm  (4.1.2) 
CuxOy  → c Cu2O + d CuO  q(O2) ≥ 10 sccm  (4.1.3) 
 
The parameters x and y are known from the RBS measurement. Each of the equations 
(4.1.2) and (4.1.3) leads to two equations to obtain the coefficients a,b,c and d, which 
represents the amount of the phases. 
The solution of (4.1.2) and (4.1.3) leads to the following equations (4.1.4) and (4.1.5): 
 
 x⋅Cu + y⋅O → (x-2y)⋅Cu + y⋅Cu2O     (4.1.4) 
 x⋅Cu + y⋅O → (x-y)⋅Cu2O + (2y-x)⋅CuO    (4.1.5) 
 
Fig. 4.1.5 summarizes the relative amounts of each phase present at a certain oxygen 
flow. From 4 to 9.6 sccm O2 the films consist mainly of pure Cu and Cu2O, with the 
pure Cu content decreasing and the Cu2O fraction increasing with increasing oxygen 
flow. Between 10 and 20 sccm O2 the deposited films are composed of the two copper 
oxide phases, whereby the amount of Cu2O decreases with further increase of the 
oxygen flow. For oxygen flows around 13.6 sccm equal amounts of CuO and Cu2O are 
in the film. 
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Fig.4.1.6: Ratios of the Cu, Cu2O and CuO phases in the deposited films calculated from 
the combination of XRD and RBS measurements. At oxygen flows of around 14 sccm 
equal amounts of Cu2O and CuO are obtained as indicated by the intersection of the red 
dotted lines. 
 
Deposition characteristics 
 
The film thickness and mass density have been determined by XRR 
measurements with an accuracy of ±0.2 nm and ±0.05 g/cm3, respectively. Figure 5 
shows a typical XRR-measurement for a sample with a film thickness of 57 nm and a 
mass density of 6.15 g/cm3 obtained at an oxygen flow rate of 38 sccm. The thickness 
and the density were derived from the position of the maxima and minima of the 
intensity oscillations and from the total reflection edge, respectively. 
The deposition rate depicted in Fig.4.1.6 reveals a similar behaviour as the target 
voltage upon varying the oxygen flow rate, e.g. the increase of the deposition rate in the 
initial stage and the decrease above an oxygen flow of 20 sccm. Furthermore above a 
value of around 30 sccm O2 the deposition rate does not change anymore, which is in 
agreement with the almost constant target voltage and mass deposition rate. 
The density decreases from a value of 8.63 g/cm3 for pure copper (bulk density of 
copper is 8.92 g/cm3) to a value of roughly 6.2 g/cm3, which is between the density of 
copper (I)- and copper (II) oxide (5.8- 6.1 g/cm3  and 6.4 – 6.45 g/cm3  [4.1.34]). 
According to the RBS measurements the films consist for oxygen flows between 4 und 
10 sccm of the Cu and Cu2O phases, with a decreasing amount of pure copper. This fact 
is reflected in an initial density decrease. A further increase of the oxygen flow is 
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related with the formation of the CuO-phase, according to the RBS results, which has a 
higher density than the Cu2O phase, reflected in an increase of the density values.  
 
 
Fig.4.1.7: XRR measurement and simulation of fully oxidized CuO film sputtered at a flow 
rate of 38 sccm O2. The simulation yields a thickness of 57.3 nm, density of 6.15 g/cm
3 
and 
a film roughness of approximately 1 nm. 
 
Since the measured density is slightly lower than the density of CuO, this suggests that 
we have CuO for flow rates higher than 20 sccm. According to the enthalpy of 
formation (CuO: ∆Hf = -1.63 eV/mol and Cu2O: ∆ Hf = -1.79 eV/mol) [30] the Cu2O-
phase should be more favourable. But if the amount of oxygen is high according to the 
reaction (4.1.6) 
Cu2O + ½ O2 → 2 CuO      (4.1.6) 
 
than the CuO phase is favourable. This is also reasonable if one calculates the enthalpy 
of formation per copper atom for each phase, CuO: ∆Hf = -1.63 eV/Cu and Cu2O: ∆ Hf 
= -0.9 eV/Cu. The heat of formation for CuO is lower than that of Cu2O per metal atom, 
which means, that the energy gain is larger in case of formation of CuO compared to 
Cu2O. 
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Fig.4.1.8: Density and deposition rate of the sputtered films obtained from XRR. 
 
Residual Stress 
 
The residual stress after sputtering was measured using the wafer-curvature 
method. The results obtained are displayed in Fig.4.1.8. For this purpose we have 
sputtered roughly 100 nm thick films and measured the curvature before and after 
sputtering. The stress value is then derived by means of the Stoney equation [4.1.35] 
from the change of the substrate curvature. 
 
Fig.4.1.9: Development of compressive stress upon increasing oxygen flow. 
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The pure copper film, Fig.4.1.9, at zero oxygen flow shows compressive stress with a 
value of around –200 Mpa, which is comparable with the value found in [4.1.36]. The 
stress value increases with increasing oxygen flow rate up to a value of approx. –900 
MPa at 10 sccm O2 . According to the XRD - and RBS - measurements in this region 
the Cu2O-phase prevails. Beyond this value of 10 sccm O2 the amount of the Cu2O-
phase starts to decrease. Finally above 20 sccm O2 the pure CuO-phase is accompanied 
by a relative constant and low value of the stress. The evolution of the compressive 
stress upon variation of the oxygen flow rate up to 20 sccm can be in general attributed 
to the compositional variations in the film. The increase of stress beyond 20 sccm 
oxygen flow rate can be interpreted within the framework of the Davis model [2.27] or 
the atomic peening model as described in chapter 2, which describes the evolution of 
compressive stress upon the energy and flux of the deposited particles. 
In order to control and reduce the intrinsic stress for the CuO phase the energy of the 
sputtered particles has been decreased upon variation of the total sputtering pressure in 
the range of 0.6 – 4 Pa. Before the stress analysis, the structure of the films has been 
investigated by XRD. The measurements show a strong change of the structure for 
increasing total pressure. For lower pressures at 0.6 Pa the structure of CuO is 
amorphous, whereas for higher pressures the films are crystalline, i.e. the structural 
order increases with total pressure. For lower pressures the energy of the particles 
arriving at the substrate could be high, leading to bombardment induced defects, 
resulting in a low structural order [4.1.17]. For high sputtering pressures the energy of 
the arriving particles at the substrate surface is reduced due to the reduced mean free 
path in the plasma leading to an improved structural order.  
The dashed line in Fig.4.1.10 indicates the position of the (111) lattice plane of CuO 
(35.57° from the JCPDS-file). One can see a weak peak shift upon increasing the total 
pressure towards higher angles, from 35.06° to 35.25° for total pressures between 1.4 
and 2.8 Pa. By means of the Bragg equation one can calculate the change of the lattice 
plane upon variation of the total pressure; the results are listed in table 3. For lower 
pressures the lattice plane is expanded compared to the one in the JCPDS- file with d = 
2.524 Å. 
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Fig.4.1.10: Change of the structure for different total pressures 
 
 
Pressure 
[Pa] 
Bragg angle 2θ 
[°] 
d-spacing 
[Å] 
1.40 ± 0.01 
2.00 ± 0.25 
2.80 ± 0.30 
35.06 ± 0.03 
35.199 ± 0.014 
35.251 ± 0.012 
2.56 ± 0.02 
2.551 ± 0.003 
2.547 ± 0.002 
 
Tab.4.1.5: Variation of the lattice spacing upon changing the total sputtering pressure 
 
For a different series of samples sputtered at the same conditions the stress is measured 
using the wafer curvature method upon varying the total pressure, which is depicted in 
Fig. 4.1.11. With increasing pressure the energy of the particles arriving the substrate 
surface is reduced resulting in a decrease of compressive stress, which is in qualitative 
agreement with the Davis model [2.27]. It was possible with this method to obtain CuO 
films with a compressive stress difference of around 550 MPa accompanied by an 
improvement of structural order.  
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Fig.4.1.11: Variation of the intrinsic stress values upon varying the total sputtering pressure. 
 
We can neglect the contribution of thermal stress with the following estimation. The 
thermal stress is given by 
 
            
 
where Ef, νf and αf  are the Young’s modulus, Poisson’s ratio, linear coefficient of 
thermal expansion for the film and αs the linear coefficient of thermal expansion for the 
substrate material is. Under the assumption that the film composition is not changing 
the difference of the stress values for the film deposited at low (with the substrate 
temperature T1) and high total pressure (at a substrate temperature T2) is than 
 
            
 
With increasing the total pressure, the substrate temperature should decrease caused by 
the lower energy of the incoming particles due to the increased scattering of the 
particles in the plasma, i.e. T2 < T1. Since no thermal expansion coefficients and 
Young’s modulus for the CuO phase is available, the following values of copper have 
been taken, Ef ~ 120 GPa, nf ~ 0.3, af ~ 17 10
-6 K-1, as ~ 5 10
-6 K-1 [4.1.37] and with a 
temperature difference of around 50°C a stress difference of 100 MPa is obtained, 
which is much less than the experimentally measured value of 550 MPa. Only a 
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temperature difference of approximately 200°C would lead to a stress difference of 550 
MPa, which is not achieved in the sputtering process. 
 
Transmission electron microscopy: The microstructure 
 
Three samples with different oxygen flow, namely with 4, 10 and 20 sccm were 
investigated by transmission electron microscopy. Both, cross section and plan view 
samples were prepared and analysed. 
Fig. 4.1.12A shows the bright-field micrograph for the plan view specimen 
deposited at an oxygen flow of 20 sccm. The main contribution to the image contrast 
comes from the diffraction of the crystallites. The dark regions represent the crystallites, 
which fulfil the Bragg condition for diffraction, since the diffracted beams are inhibited 
by the objective aperture in the bright-field imaging mode. Remarkable is the strong 
variation of the grain size. One can distinguish two different populations according to 
the grain size. One region consists of smaller grain sizes, which fluctuates between 13 
and 25 nm approximately. The other region consists of bigger grains, which can reach a 
value of up to 80 nm. According to the thinning procedure of the plan view samples, as 
described in chapter 3, the thinnest regions correspond always to the upper part of the 
film. From this we can conclude that larger grains are formed as the sample grows 
thicker. 
The corresponding diffraction pattern (Fig.4.1.12C) shows contributions from 
the silicon substrate (single spots arranged in squares) superimposed by ring patterns. 
The rings are composed of individual spots indicating the polycrystalline nature of the 
film. The dashed line in the graph in Fig.4.1.12D is obtained by integrating the intensity 
in an azimutal scan, from the electron diffraction (ED) pattern. In addition, the results of 
the grazing incidence X-ray diffraction (GXRD) data measured at an incident angle of 
0.8° are also shown. The comparison of the ED with the GXRD show some 
discrepancies, which could be caused by the different substrates used in each method. 
Since silicon substrates have been used to deposit the films for the TEM analysis and 
glass substrates for GXRD, the growth of the films could be affected by the substrates 
choice. 
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The bright field micrograph for the cross section analysis for the specimen 
prepared at 20 sccm oxygen is depicted in Fig. 4.1.12B. As described in chapter 3, the 
sample is cut in two parts and glued with the film side facing each other. Therefore at 
the center of the micrograph in Fig. 4.1.12B one can see the glue and at both sides of the 
glue the film, which exhibits dark regions compared to the glue and to the silicon 
substrate caused by the diffraction as described for the plan view sample (Fig. 4.1.12A). 
In addition, the film is not closed at some regions and as indicated by the arrows an 
interaction of the film with the substrate can be observed, which is most likely caused 
from the diffusion of copper into silicon as mentioned beforehand in connection with 
the XRD results. 
The comparison of the plan view sample with the cross section sample exhibit 
differences with respect to the grain size distribution. We can conclude from this 
observation that the film is not homogenous over large areas. 
The bright field image for the film deposited at 4 sccm oxygen flow along with 
the electron diffraction pattern and the corresponding integrated intensity is displayed in 
Fig. 4.1.13a. Compared to the sample prepared at 20 sccm oxygen flow, the sample 
sputtered at 4 sccm shows a single population of the grains, which vary from 14 to 35 
nm in size. Due to the superposition of grains of different crystallographic orientation 
and phases, Moire fringes are frequently observed. The evaluation of the electron 
diffraction pattern leads to a good agreement with the corresponding GXRD-data. 
The bright field micrograph, diffraction pattern and the corresponding radial scan with 
the GXRD measurements for the sample sputtered with 10 sccm oxygen flow rate are 
depicted in Fig. 4.1.13b. The random orientations of the grains deduced from the ED 
patterns reveal the polycrystalline nature of the growing film, whereas the grain size 
distribution is between 12 nm and 35 nm as obtained from the bright-field image. A 
comparison between the ED and the GXRD measurement has been also performed, but 
restricted to reciprocal distance values bigger than 4.5 nm-1. The reason for this 
restriction is the overexposure of the electron diffraction pattern. Beyond the value of 
4.5 nm-1 a qualitative agreement can be seen, whereas the intensities of the diffraction 
peaks in electron diffraction, in particular at large scattering angles, are higher, i.e. the 
ED measurement is more sensitive than the GXRD measurement. 
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Fig.4.1.12: A,C,D:Bright-field image with the corresponding electron diffraction pattern of 
the plan view sample with 20 sccm O2 . B: Cross section image for the sample with 20 sccm 
oxygen flow rate. The interaction of the film with the substrate in the interfacial region 
film/substrate for the specimen with 20 sccm O2 can be seen as indicated by the arrows. 
 
Fig.4.1.13a: Bright-field image and electron diffraction pattern of the plan view sample 
deposited at an oxygen flow of 4 sccm. The bright field image shows the randomly oriented 
grains with a size ranging between 14 and 35 nm. From the electron diffraction pattern the 
integrated intensity is obtained and compared with the GXRD measurement, which reveal 
a good agreement of both methods. 
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Fig.4.1.13b: Bright-field image and electron diffraction pattern of the plan view sample 
with 10 sccm O2. The integrated intensity obtained from the ED pattern together with the 
GXRD can be seen on the right hand side, where the intensity is plotted as a function of 
the reciprocal distance. 
 
Electrical and optical properties 
 
The electrical resistivity at room temperature has been measured by means of the 
well known four point probe technique. From this method the sheet resistance is directly 
measured, whereas the resistivity is obtained by multiplying the sheet resistance with 
the corresponding film thickness. The resistivity values are shown in Fig. 4.1.14.  
 
Fig.4.1.14: Room temperature electrical resistivity values for copper and copper oxide 
films with varying oxygen content. 
 
The measured value of the electrical resistivity for pure copper is in good agreement 
with the data given in the literature [4.1.38]. With increasing oxygen content, the 
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resistivity is increasing, as it is expected, since the electrical resistivity of the copper 
oxide should be higher than that of the copper film. This increase of resistivity values 
continues up to an oxygen flow of around 15 sccm with a subsequent decrease up to a 
flow of 27 sccm. In the vicinity of an oxygen flow of 27 sccm the resistivity remains 
almost constant. The variation of the resistivity is mainly caused by the compositional 
changes, i.e. the formation of the phases Cu2O and CuO. Since the electrical resistivity 
of CuO [4.1.38] is higher than the value for Cu2O [4.1.38], the electrical resistivity 
continues to increase caused by the formation of the CuO phase at the expense of the 
Cu2O phase as revealed by the combination of the RBS and XRD data as discussed in 
the previous subchapter. Furthermore, the improvement of the resistivity values beyond 
20 sccm oxygen flow could be caused by the change of the composition for the CuO 
phase. For higher oxygen values the films have a stoichiometry of CuO1.1. This means 
that either oxygen is incorporated into the lattice of CuO or the film contains copper 
vacancies, under the assumption that the film composition is homogenous over large 
areas. In the case of the formation of copper vacancies, a p-type conductivity could be 
responsible for the observed decrease of the electrical resistivity values. 
 
Variable angle spectroscopic ellipsometry has been performed in order to attain 
the dielectric properties in the spectral range from 0.7 to 5.3 eV. The pseudodielectric 
function for the system CuO on SiO2 is depicted in Fig. 4.1.15. It is evident from the 
imaginary part <ε2> that there are two resonance frequencies at E1 ~ 2 eV and E2 ~ 3.5 
eV in the measured region between 0.7 and 5.2 eV. But the behaviour of <ε2> suggests 
that there might be another resonance frequency for higher energies beyond the 
measured range. Therefore we have used three oscillators, two harmonic oscillators- and 
one OJL-oscillator [3.5.3] in order to achieve the best possible fitting to the 
experimental data. The corresponding values of the resonance frequencies and the 
bandgap value achieved from the fitting for the sample with 20 sccm oxygen flow are 
shown in table 6. 
The bandgap and the γ-value have been obtained from the OJL-model, which describes 
the exponential decay of the density of states into the bandgap. This value is related to 
the structural order of the films. In particular, if the γ-value is small than the structural 
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order is high. Both parameters, bandgap and γ-value, are depicted in Fig.4.1.16. One can 
see a decrease from 1.93 eV to 1.27 eV of the bandgap value upon an increase of the 
oxygen flow up to 20 sccm. The literature values for CuO and Cu2O are 1.4 eV and 2.2 
eV [4.1.39], respectively. The obtained band gap values of 1.27 and 1.9 eV for the CuO 
and Cu2O, respectively, reveal a good agreement with the literature, if we consider that 
CuO is formed beyond 20 sccm oxygen flow, while Cu2O is formed below. 
 
 
harm. 
osc. 1 
harm. 
osc. 2 
OJL-
osc. 
resonance 
frequency 
3.7 eV 6.8 eV -- 
bandgap -- -- 1.2 eV 
 
Tab.4.1.6: Resonance frequencies and band gap value for the different oscillators 
obtained from the simulation for the CuO phase (sample with 20 sccm O2). 
 
The slightly deviation from the literature could be related to the crystallinity, which is 
reflected in the high γ-value. The γ-value starts to increase at an oxygen flow of 20 
sccm, which is in agreement with the XRD data, which show a decreasing peak 
intensity with oxygen flow. Since the films deposited above 20 sccm oxygen are 
becoming almost amorphous, a determination of the grain size was not possible in order 
to correlate the γ-value with the grain size. Further reason for the low bandgap value for 
the Cu2O phase could be the coexistence of both phases, Cu2O and CuO, below 20 sccm 
oxygen flow. 
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Fig.4.1.15: Pseudodielectric function of CuO/SiO2 
 
From the simulation we have obtained the optical constants such as refractive index, 
extinction. The refractive index and the extinction coefficient are plotted in Fig. 4.1.17. 
Both optical constants show a noticeable change from 14 to 20 sccm oxygen flow. 
Beyond 20 sccm O2 there is not a detectable change, which is in agreement with the 
structural properties. The refractive index for 3 eV varies between 2.5 and 2.7 for 
samples above 20 sccm oxygen flow, and 3.2 for 14 sccm.  
 
 
 
Fig.4.1.16: Bandgap and γ-value obtained from the spectroscopic ellipsometry 
measurement with the OJL- model. 
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Fig.4.1.17: Refractive index and extinction coefficient for different oxygen flow rates. 
 
 
 
 
4.1.4 Summary  
 
Copper oxide films have been deposited by means of reactive dc magnetron 
sputtering. Most of the data regarding the physical properties are summarized in Tab. 
4.1.7. From the RBS measurements combined with the XRD data the composition, 
especially the relative amount of the different phases upon varying the oxygen flow rate 
was calculated. It has been found that for oxygen flows below 10 sccm the films consist 
of a mixture of Cu and Cu2O-phases, whereas above 10 sccm the formation of CuO 
starts. A mixture of Cu2O and CuO phases can be observed between 10 and 20 sccm 
oxygen flows. Beyond this oxygen flow rate the films are composed of the pure CuO 
phase, which does not change anymore upon increasing the oxygen flow. The two 
oxides, Cu2O and CuO, exhibit distinctly different characteristics, which are 
demonstrated in the target voltage behaviour, deposition rate, and structural as well as in 
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the electrical and optical properties. The origin of the high target voltage in case of the 
Cu2O-phase could be attributed to the secondary electron emission coefficient γ, with 
γCu2O < γCu < γCuO. Due to the fact that the target voltage is inversely proportional to the 
secondary electron emission coefficient the cathode voltage increases for Cu2O 
compared to that of CuO.  
The microstructure has been investigated by means of TEM measurements. The 
cross-sectional micrographs show for the CuO-films a less dense microstructure, where 
some regions of the film are not closed, whereas the films deposited below 20 sccm 
oxygen flow reveal a denser microstructure. The structural order for the CuO phase 
could be significantly improved by increasing the total pressure, which is related to the 
reduced bombardment of the film with energetic particle resulting to stress relaxation in 
agreement with the Davis model. The structural disorder is also reflected by the optical 
analysis, especially by the γ-value in the OJL model. The bandgap values, 1.9 eV for 
Cu2O and 1.2 eV for CuO, as determined by the ellipsometric measurements are in good 
agreement with the corresponding literature values. 
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q(O2) [sccm] 10 10 - 20 > 20 
phase Cu2O Cu2O + CuO CuO 
Heat of formation 
 [eV/atom] 
- 0.8 -- -1.6 
Deposition rate r 
[nm/s] 
3 3 – 2.4 0.8 
Stress [MPa] -900 -900 to -700 -700 
Electrical resistivity 
 ρ [Ωcm] 
10-2 10-2 - 102 10-1 
Band gap 
Eg [eV] 
1.9 -- 1.27 
 
Tab. 4.1.7: Summary of the essential data, including phase formation, heat of formation, 
deposition rate, stress, electrical resistivity and optical band gap, for the copper-oxide system 
as a function of the oxygen flow. 
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4.2 Film properties and correlation between plasma parameters and grain 
orientation in reactively sputtered copper-nitride films 
 
 
Copper-nitride films have been prepared by reactive dc magnetron sputtering. 
The discharge properties during the growth of the Cu3N films have been investigated. 
Furthermore, the effect of the nitrogen flow and the total pressure on the structural 
properties of the grown films has been analyzed. X-ray diffraction analysis has revealed 
a competition between the (111) and the (200) growth direction of the Cu3N phase that 
changes with the deposition conditions. Moreover, the competition between strain 
energy and surface free energy is discussed under these different deposition conditions. 
It has been estimated that the (200) crystal plane has a slightly lower surface free energy 
than that of the (111) lattice plane and that the strain energy has no influence on the 
crystal orientation. Analysis of the Cu3N films grown at different N2 flows revealed that 
the strain is caused primarily by the stress and not by stoichiometry. By increasing the 
nitrogen flow, the increased flux and the energy of the bombarding species leads to 
enhanced mobility of the adatom species on the substrate surface, which in turn 
facilitates the minimisation of surface free energy. Similar results can be obtained by 
decreasing the total sputtering pressure. It is thus possible to provide conditions for the 
deposition of Cu3N films with almost pure (111) or pure (200) orientation. 
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4.2.1. Introduction 
 
The interest in copper nitride (Cu3N) films emerges from the fact that they 
exhibit a relatively low decomposition temperature, which varies between 160 °C 
[4.2.1] and 450 °C [4.2.2]. As a result, the irradiation of a growing Cu3N film with a 
laser [4.2.3] or an electron beam [4.2.4] leads to local decomposition into copper and 
nitrogen. Due to these features, Cu3N is utilised as a write-once optical data storage 
material [4.2.5] and for producing microscopic copper lines [4.2.6] by laser irradiation. 
Apart from these applications, Cu3N is a promising candidate as an insulating barrier 
layer in magnetic tunnel junctions [4.2.7]. 
Various deposition techniques have been employed to grow Cu3N films. These 
include RF-sputtering [4.2.8-4.2.13], DC sputtering [4.2.1, 4.2.14], reactive pulsed laser 
deposition [4.2.15,4.2.16], and molecular beam epitaxy [4.2.17, 4.2.6]. The dependence 
of film properties on the deposition parameters such as the nitrogen flow rate [4.2.1, 
4.2.11, 4.2.12, 4.2.18], the substrate temperature [4.2.11, 4.2.12], the substrate bias 
[4.2.19], the discharge power [4.2.4, 4.2.11] and the total pressure [4.2.4] have been 
investigated. For a number of reactively sputtered materials it is known that the 
variation of the deposition parameters has an influence on the plasma characteristics 
[4.2.20], which in turn affect the bombardment of the growing film. Furthermore, the 
bombardment can lead to significant changes in the grain orientation of the growing 
film. In general, it is well known that the grain orientation is determined by several 
factors such as the strain energy [4.2.21, 4.2.22], the surface free energy [4.2.22], 
preferential sputtering [4.2.23] and ion bombardment [4.2.24, 4.2.25]. 
The specific relationship between the glow discharge properties such as ion 
saturation current, plasma potential and electron temperature and the observed 
variations in the preferred orientation for reactively sputtered copper-nitride films is yet 
to be investigated.  
In this study, we focus on the correlation between the plasma parameters and the 
grain orientation of Cu3N thin films. The variation of the preferred orientation of the 
films grown upon changing the deposition parameters is examined. We relate the 
observed structural changes of the film to the changes in the ion flux and energy 
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bombardment of the growing films. In this context, the competition between the strain 
and the surface free energy, and also the effect of the stress and the atomic composition 
on the grain orientation is discussed. 
 
4.2.2 Experimental procedure 
 
Copper nitride films were deposited on glass and graphite substrates by reactive 
dc magnetron sputtering from a planar metallic copper target. The distance between the 
target and the substrate was 70 mm and the substrates were floated for all deposition 
conditions. The chamber was evacuated to a pressure of 10-6 mbar, and the Cu3N films 
were deposited at a constant target current of 400 mA. 
The effect of various deposition conditions on the preferred orientation has been 
investigated by depositing two different sets of samples. In the first set the copper 
nitride films were grown by varying the nitrogen flow rate from 0 to 50 sccm, while the 
total sputtering pressure was kept constant by reducing the argon flow. The second set 
of the samples was deposited by changing the total sputtering pressure from 0.4 to 3 Pa 
and keeping the nitrogen flow of 50 sccm constant. The total pressure was increased by 
throttling the pumping speed of the turbo pump without changing the argon flow. 
In order to evaluate the impact of the plasma parameters on the energetic 
bombardment of the growing film, Langmuir probe measurements were carried out. 
Using the Langmuir probe, which consisted of a tungsten tip with a length of 5 mm and 
a diameter of 0.1 mm, the current- voltage (I-V) curves were measured under the afore-
mentioned deposition conditions. The plasma parameters, i.e. the electron temperature 
and the difference of the floating and plasma potential (∆V=Vf -Vp), give information on 
the average kinetic energy of the electrons and the energy that the positively charged 
ions gain upon incidence on the substrate [4.2.26], respectively. Furthermore, the ion 
flux to the growing film was characterized by measuring the ion saturation current 
density using a flat probe [4.2.27] placed at the substrate position. 
 A variety of characterization techniques was used in order to determine the film 
properties and to correlate them with the plasma properties. The variation of the grain 
orientation as a function of the deposition parameters was investigated by XRD 
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measurements in the Bragg-Brentano geometry. For the X-ray measurements, a Philips 
X’pert Pro MRD system with Cu-Kα radiation was used. The measured XRD-data were 
compared to the JCPDS international diffraction database in order to identify the phases 
of the films [4.2.28, 4.2.29]. Moreover, the effect of the strain values ∆a/a on the 
preferred orientation were estimated from the XRD data for the samples sputtered at 
different total gas pressures.  
Post- growth annealing experiments were carried out in order to estimate the 
crystal plane with the lowest surface free energy. For this purpose the sample, which 
was deposited at 50 sccm nitrogen flow and 0.8 Pa total sputtering pressure, was 
annealed in an argon atmosphere for 10 minutes, at temperatures of 100, 200 and 300 
°C. Subsequently after each annealing procedure the structure of the film was analyzed. 
In addition, the strain values were estimated and compared with the strain values 
obtained from the samples sputtered at different total sputtering pressures. 
 
 
 
4.2.3 Results 
 
Plasma analysis 
 
 The ion saturation current as a function of the nitrogen flow rate and the total 
sputtering pressure is plotted in Fig. 4.2.1. It is seen that the increase of the nitrogen 
amount in the sputtering discharge lead to a slight increase of the ion flux from 0.35 A 
to 0.43 A, whereas the increase of the total sputtering pressure lead to a substantial 
reduction of the ion flux from a value of 0.43 A to 0.25 A (inset in Fig. 4.2.1). The 
impact of the total pressure on the ion flux is, thus, shown to be more important than 
that of the nitrogen flow. 
 The difference of plasma and floating potential ∆V is plotted in Fig. 4.2.2 as a 
function of the nitrogen flow and the total sputtering pressure. It is seen that ∆V 
decreases from 10 eV to 7 eV upon increasing the total pressure from 0.8 Pa to 3 Pa. By 
increasing the nitrogen flow from 25 to 50 sccm, ∆V decreases slightly from 11.2 eV to 
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10 eV. The effect of the variation of the N2 flow and the total pressure on the electron 
temperature Te is also examined in order to determine the efficiency of the cooling of 
the plasma for different deposition conditions. Te is plotted in Fig. 4.2.3, where similar 
trends to those observed for ∆V are seen, i.e. a decrease from 2.2 eV to 1.7 eV when the 
pressure increased from 0.8 to 3 Pa, while Te showed a much weaker decline upon 
increasing N2 flow.  
 
Fig. 4.2.1: Ion saturation current I sat upon variation of the nitrogen flow between 20 and 50 sccm, 
the inset shows I sat for different total pressures. 
 
 
 
Fig. 4.2.2: Difference of floating and plasma potential for different sputtering conditions. 
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Fig. 4.2.3: Electron temperature obtained from Langmuir probe measurements upon 
variation of the nitrogen flow and total pressure. 
 
 
 
Fig.4.2.4: XRD spectra for films deposited under varying nitrogen flow (left) and total 
sputtering pressure (right). The coloured dotted lines depict the literature value for the 
corresponding lattice directions. For the films deposited upon variation of the nitrogen flow 
the diffraction peaks are shifting towards lower angles caused by the increase of compressive 
stress. 
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Film structure and composition  
 
The XRD spectra for changing the nitrogen flow and the total sputtering 
pressure is given in Fig. 4.2.4. For the case of varying the nitrogen flow, initially at 25 
sccm the film exhibits both grain orientations, i.e. the (111) and the (200) orientation, 
with increasing the nitrogen flow up to 50 sccm N2 the orientation changes gradually to 
the (200) direction at the expense of the (111) direction. In addition, for the film 
prepared at 25 sccm N2 the (111) diffraction peak of copper is also observed, which 
vanishes with increasing nitrogen flow. Furthermore, the diffraction peaks are shifted 
towards lower angles with increasing the nitrogen flow, which is the result of increasing 
residual stress, which will be discussed later. For the films sputtered at different total 
pressures the variation in the grain orientation are more pronounced than in case of 
varying the nitrogen flow. The film deposited at 0.8 Pa reveal almost a pure (200) 
orientation, which shifts to almost (111) orientation at a total pressure of 3 Pa. From 
these spectra the intensity of both orientations has been extracted. The intensity of the 
(200) and (111) lattice planes of Cu3N is depicted in Fig. 4.2.5 vs. the nitrogen flow. 
The increase of the nitrogen flow from 25 to 50 sccm leads to an increase of the (200)-
reflection intensity at the expense of the (111) reflection intensity of the Cu3N phase. It 
is seen in Fig. 4.2.6 that for the highest N2 flow (50 sccm), the film showed a preferred 
(200) orientation. The effect of the total pressure on the intensity of the Cu3N (111) and 
(200) diffraction peak is presented in Fig.4.2.6. It is seen that at pressures up to 1.5 Pa, 
the (200) orientation is dominant. Further increase of the pressure resulted in a decrease 
of the (200) intensity and in an increase of the (111) intensity. Almost purely (111)-
oriented films are obtained at a pressure of 3 Pa.  
For two different nitrogen flows, i.e. 4 and 50 sccm, TEM investigations have 
been carried out to reveal the microstructural evolution for these two preparation 
conditions. Cross sectional bright – and dark field micrographs of the sample with 4 
sccm nitrogen flow rate can be seen in Fig.4.2.7. The dark field micrograph has been 
recorded by selecting the first and second Scherrer rings from the diffraction pattern. 
For this reason the bright regions in the dark field micrograph belong to grains, which 
are oriented in these two selected directions. Both micrographs show a columnar grain 
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growth with an average grain diameter of 15 nm. According to the X-ray analysis the 
sample deposited at 4 sccm nitrogen flow consists of the copper phase, therefore we can 
assume that these grains are from pure copper, whereas the selected Scherrer rings for 
the dark field imaging are the (111) and (200) diffraction peaks of copper. 
The bright and dark field micrograph for the film deposited at 50 sccm nitrogen 
is shown in Fig. 4.2.8a and b together with the plan view bright field image (Fig. 
4.2.8.c) and the corresponding electron diffraction pattern (Fig. 4.2.8.d). The dark field 
image has been obtained by selecting the third and fourth diffraction rings. From the 
bright and dark field micrographs we can deduce a granular grain growth with a mean 
size of approximately 20 nm. 
 
Fig. 4.2.5: Intensity of the (200) and (111) reflections of Cu3N films deposited at a total 
pressure of 0.8 Pa vs. the nitrogen flow. 
 
The variation of the deposition conditions lead to films with different compositions, 
which is shown in Fig. 4.2.9. The atomic ratio of nitrogen to copper is obtained from the RBS 
measurements of the samples sputtered upon variation of the nitrogen flow and the total 
sputtering pressure. Two different regions can be distinguished concerning the nitrogen flow. 
The first ranges between 25 sccm and 40 sccm, where the nitrogen content in the films 
increased linearly from 13 % to 25 %. The second region ranges from 40 to 50 sccm N2. Here, 
the nitrogen content in the films was almost constant, i.e., ~25 %. The increase of the total 
sputtering pressure from 0.8 Pa to 2 Pa caused a pronounced increase of the nitrogen content in 
the films, i.e., from ~27 % to ~41 %. A further increase of the total pressure did not affect the 
stoichiometry of the films. 
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Fig. 4.2.6: Intensity of the (200) and (111) reflections of Cu3N films deposited at 50 sccm 
nitrogen flow vs. the total sputtering pressure. 
 
 
Fig.4.2.7: Bright and dark field micrograhps revealing the columnar microstructure of the 
film deposited at 4 sccm nitrogen flow. Right hand side: Selected area electron diffraction 
pattern. The dark field micrograph has been recorded selecting the two diffraction rings 
with the highest intensity. 
 
 
The impact of the strain energy on the grain orientation is investigated by 
comparing the films sputtered at different total pressures and the film, which was 
annealed at various temperatures as a function of the strain values ∆a/a, with an error of 
±0.002 estimated from the Bragg equation. The intensity ratio of the (200) and the (111) 
reflection is shown in Fig.4.2.10.  
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Fig. 4.2.8: a) and b) Bright and dark field micrograph for the film deposited at 50 sccm N2. c) Plan 
view image. d) Electron diffraction pattern from the plan view specimen. 
 
 
Fig. 4.2.9: Atomic ratio [N/Cu] as measured by RBS vs. the nitrogen flow (0.8 Pa) and total 
sputtering pressure (50 sccm N2). The horizontal dotted line shows the atomic ratio value 
of nitrogen to copper, where stoichiometric Cu3N is formed. 
 
From this, it is obvious that the intensity of the (200) reflection is increasing for the 
films sputtered at different total pressures. However, for the annealed sample the 
opposite behaviour was observed, i.e. a decline of the (200) intensity with increasing 
strain values. In order to analyze the origin of the strain values, the residual stress is 
shown (Fig.4.2.11), together with the evolution of the lattice parameter upon variation 
of the nitrogen flow. 
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Fig. 4.2.10: Intensity ratio of the (200) and (111) lattice planes with increasing strain values for 
samples deposited at different total pressures and for the sample subjected to the post growth 
annealing procedure. 
 
 
Fig.4.2.11: Cell parameter and residual stress for Cu3N films sputtered at a total pressure of 0.8 Pa 
with varying nitrogen flow. 
 
Both parameters reveal an almost parallel increase of the lattice parameter and the 
compressive stress values upon increasing the nitrogen flow. Furthermore, a linear 
correlation between the stress and the strain data, calculated from the lattice parameter, 
has been obtained, with a rough estimation of the biaxial modulus Y/(1-ν) of around 
150 GPa, where Y and ν are the Young’s modulus and Poisson’s ratio, respectively. 
In order to illustrate the competitive grain growth between the two orientations, 
the full width at half maximum (FWHM), together with the intensity ratio of both 
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orientations are determined. For this reason the ratio FWHM (200)/FWHM (111) is 
presented in Fig. 4.2.12 for the sample annealed at various temperatures. It is evident 
that the ratio decreases from 1 to 0.5, while the intensity ratio is shown to increase from 
1.4 to 3, as the annealing temperature increased. 
 
Fig. 4.2.12: The ratio of the full width of half maximum and the intensity ratio of the (200) 
and (111) orientation vs. the annealing temperature. 
 
 
 
Electrical and optical properties 
 
 The electrical resistivity values, measured by the four-point probe technique, of 
the films are shown in Fig. 4.2.13. It is seen that at the maximum N2 flow (50 sccm, 0.8 
Pa), the measured resistivity value was 2.5·10-4 Ωcm, which is ~ 3.4 times higher than 
the value measured at a N2 –flow of 25 sccm (7.3·10
-5 Ωcm). When the pressure was 
increased from 0.4 Pa to 3 Pa (at constant nitrogen flow of 50 sccm), the increase of the 
resistivity was even higher from 1.3·10-4 Ωcm to 7.4·10-4 Ωcm. The increase of the 
electrical resistivity is the result of the variations in the atomic composition as shown in 
Fig.4.2.9. The increase of the nitrogen to copper ratio, which increases with increasing 
the nitrogen flow as well as increasing the total pressure, means a decrease of the 
copper content resulting in reduced resistivity values. The increase of the resistivity is 
more pronounced for the case of varying the total pressure caused by the higher content 
of nitrogen in the films. 
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The optical properties, i.e. the dielectric function of the pure copper and the 
copper-nitride film with varying atomic composition has been obtained by means of 
spectroscopic ellipsometry measurements. The results are shown in Fig.4.2.14 for 
copper-nitride films deposited between 4 and 50 sccm nitrogen flow. It is obvious from 
Fig.4.2.9 that the initial metallic character as seen by the dielectric function is vanishing 
with increasing nitrogen content. This fact is reflected quantitatively by the parameters 
of the Drude model, which has been utilized among Lorentz oscillators to account for 
the different electronic excitations. Further on, the parameters from the Drude model 
have been used to calculate the optical conductivity or resistivity (blue squares in Fig. 
4.2.13), which is then compared with the electrical resistivity values as measured by the 
four point probe technique (black squares in Fig. 4.2.13), which is shown in Fig.4.2.13. 
The electrical and optical measurement and simulation, respectively, exhibit a 
qualitative agreement of the resistivity values, whereas the resistivity values obtained 
from the optical measurement are in general higher than the values measured from the 
four point probe technique. 
 
Fig. 4.2.13: Electrical resistivity obtained from four point probe measurements and from 
the Drude model for films deposited at different nitrogen flows. Both data sets, the 
experimental and simulated, reveal a qualitative agreement, whereas the simulated 
resistivity are in general higher than the experimental electrical resistivity values. 
Additionaly, the resistivity values for films deposited at different total pressures is shown 
in red. 
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Fig.4.2.14: Dielectric function of copper-nitride films with different atomic composition 
and of pure copper film. 
 
4.2.4 Discussion 
 
The grain orientation is determined by several factors such as the strain energy 
[4.2.21, 4.2.22], the surface free energy [4.2.23] and the preferential sputtering [4.2.24, 
4.2.25]. 
In preferential sputtering, the sputtering yield depends on the grain orientation. 
Hence grains with the lowest sputtering yield will have the highest probability of 
survival upon ion bombardment. A threshold energy is required to initiate the sputtering 
process. This threshold energy is around 30 eV for copper [4.2.30] and depends mainly 
upon the surface binding energy of the material to be sputtered. Since the surface 
binding energy of the nitrides is higher than the binding energy, caused by the strong 
covalent bonding of the nitrides compares to the metallic type of bonding, of the 
corresponding metal, the threshold energy for copper-nitride will be even higher than 30 
eV. In this respect it is not possible to force a significant difference in the grain 
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orientation by preferential sputtering owing to the fact that the energy distribution of the 
sputtered particles has a maximum below 10 eV [4.2.30]. 
Since the influence of the preferential sputtering has been excluded, only the 
contribution of the strain energy and surface free energy remains. In this context, the 
lattice planes with the lowest strain energy will be preferred, if the contribution of the 
surface free energy is neglected. And for the case of neglecting the strain energy, the 
lattice planes with the lowest surface energy will be formed in growth direction. In this 
regard, a competition between the strain and surface free energy exist.  
The effect of strain energy is examined by analysing the XRD data of the post 
annealed samples and from the samples sputtered at different total pressures. A decrease 
of the (200) diffraction intensity can be observed with increasing strain (Fig.4.2.7) for 
the annealed sample. However, the opposite behaviour is observed for the samples 
sputtered at different total pressures, i.e., the intensity of the (200) lattice plane is 
increasing accompanied with an increase of the strain values (Fig.4.2.7). In both cases 
the increase of the strain value leads to an increase or decrease of the intensity of the 
(200) intensity under these different sputtering conditions, which reveals that the strain 
energy does not have a significant influence on the grain orientation for the Cu3N films. 
A similar behaviour was reported by Patsalas et al. who observed this for sputtered TiN 
films [4.2.31]. 
In the following, we will discuss the composition data (Fig. 4.2.9) together with 
the results of the X-ray analysis. One has to keep in mind, that the composition data 
contains also information from the grain boundaries, which can have a different atomic 
composition than the grains. But the X-ray analysis, in particular the calculated lattice 
parameter is determined only from the crystallites. Therefore the following discussion 
neglects the contribution of the grain boundaries to the atomic composition data. As can 
be seen from Fig.4.2.9, all of the films are understoichiometric, i.e. the volume caused 
by the vacancy is negative, which should lead to a decrease of the cell volume and 
hence to a decrease of the lattice parameter, which is not the case for films sputtered 
above 20 sccm nitrogen flow as shown in the inset of Fig.4.2.11. Together with the 
observation that the strain varies linearly with the residual stress, one can conclude that 
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the strain is caused primarily by the residual stress and not by variation of the 
stoichiometry. 
Furthermore from the annealing experiments one can observe an increase of the 
(200) intensity compared to that of the (111) intensity as shown in Fig. 4.2.8, which 
indicates that the Cu3N phase has a tendency to build (200) lattice planes, if sufficient 
energy is provided to the Cu3N system, here in terms of temperature. This is supported 
by the observed decrease of the FWHM, i.e. the increase of the crystalline coherence 
length for the (200) oriented grains compared to that of the (111) grain. In order to 
estimate the crystal plane with the lowest surface free energy, the number of broken 
bonds hklN  and the area per atom hklA  for the (200) and (111) crystal plane has been 
determined [4.2.32,4.2.33]. According to this procedure the surface free energy is given by 
the equation (4.2.1), 
hkl
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where β is the bond strength, which can be further estimated from the sublimation 
energy. The ordering of the atoms in the (200) and (111) plane along with the unit cell 
of Cu3N is illustrated in Fig 9. From equation (4.2.1) and with the values given in 
Fig.4.2.15, the ratio of the surface energies for the two planes is given by  
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which means that the surface free energy for the (200) plane is slightly lower than that 
of the (111) plane. 
The effect of ion bombardment on the samples grown at the different nitrogen 
flows is analyzed by the ion saturation current measurements in Fig. 4.2.1. The 
observed increase of the ion saturation current means an increase of the ion flux towards 
the growing film. This increased ion flux can lead to the observed change of the grain 
orientation from (111) to (200). In a number of investigations [4.2.23, 4.2.24, 4.2.34] it 
has been shown that upon increased ion flux, the grain orientation can be changed. The 
increased bombardment can lead to an enhancement of the adatom mobility through 
added momentum transfer. The adatoms would have then sufficient energy to build 
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lattice planes with the lowest surface energy, which is demonstrated for TiN [4.2.23, 
4.2.24]. In this context the observed increase of the ion saturation current with 
increasing N2 flow (Fig. 4.2.1) explains, to some extent the increase of the (200) 
intensity at the expense of the (111).  
 
Fig.4.2.15: Unit cell of Cu3N with the anti-ReO3 structure. For the (200) and (111) plane the 
,number of broken bonds and the area per atom has been determined. 
 
The influence of the energetic bombardment is more apparent for the films 
deposited at different total pressures. In this case it was possible to shift the films 
orientation from pure (200) to pure (111) by increasing the total pressure. The increase 
of the total pressure leads to a reduction of the energy of the incoming particles, as a 
result of the increased gas-phase scattering. This is evident from the decreasing value of 
∆V in Fig. 4.2.2, and is simultaneously reflected by the decreasing electron temperature, 
as seen in Fig. 4.2.3. The increasing scattering results also in a lower ion flux at the 
substrate, as observed in the inset in Fig. 4.2.1. The change in grain orientation can be 
explained in terms of the change in adatom mobility under the different ion 
bombardment conditions. Conclusively, the grain orientation for Cu3N films is 
governed by ionic bombardment, i.e. ion energy and ion flux, along with surface free 
energy minimisation. 
In earlier works [4.2.12, 4.2.18, 4.2.35] it has been discussed that the adatom mobility 
depends on the kinetic energy and the ratio of Cu and N atoms. For this reason it is 
necessary to have sufficient N atoms with high kinetic energy to build N rich planes 
such as the (200) plane. In our case the difference in floating and plasma potential V 
is a measure of the kinetic energy gain of the ions. Furthermore the amount of the N 
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ions arriving at the growing film is characterized by the ion saturation current, i.e. the 
ion flux. For instance the increase of the ion saturation current in Fig. 4.2.1 is mainly 
caused by increasing the nitrogen flow together with reducing the argon flow in order to 
keep the total pressure constant. Therefore our explanation is consistent with the 
argument given in references [4.2.12, 4.2.18, 4.2.35].  
The effect of changing the deposition conditions resulted in films with varying electrical 
properties. This is the result of the variation of the atomic composition, i.e. the increase 
of the nitrogen and decrease of the copper content in the films as revealed by the RBS 
measurement, resulting in films with higher electrical resistivity. Furthermore, 
according to the XRD measurements, the FWHM increases with nitrogen flow rate, 
which is indicative of a decrease of the grain size. This reduced crystalline coherence 
length cause more scattering events at the grain boundaries leading to higher resistivity 
values. In order to explain the change of the resistivity with increasing pressure it is 
important to mention that the sputtering pressure was increased by reducing the 
pumping speed of the turbo molecular pump, while keeping the flow of the two gases 
Ar and N2 constant. This can effectively enhance the nitrogen amount in the sputtering 
atmosphere leading to an increase of the N2 partial pressure. As a result an increase of 
the nitrogen content in the films was observed (Fig. 4.2.6), resulting in a bigger change 
of the electrical resistivity than that observed with increasing N2 flow. The reduction of 
ion flux and energy with increasing pressure resulted in a decrease of the mass density 
and Cu content, which also influenced the measured resistivity values. 
 
 
4.2.5 Summary 
 
Copper-nitride films were deposited on glass substrates by reactive dc 
magnetron sputtering in an argon-nitrogen atmosphere. Two sets of samples were 
prepared: 1. by varying the total sputtering pressure at constant nitrogen flow rate, and 
2. by varying the nitrogen flow rate at a fixed total pressure. The impact of the total 
pressure on the grain orientation was more pronounced than of the nitrogen flow. In this 
case it was possible to shift the orientation from pure (111) to (200) by decreasing the 
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total sputtering pressure. This was attributed to the enhanced adatom mobility caused by 
increased ion bombardment as observed from the Langmuir probe measurements. In 
this case the adatoms have sufficient energy to build lattice planes with low surface free 
energy, which is the (200) crystal plane for copper-nitride as estimated from the post 
growth annealing experiment. The experimental data are summarized schematically in 
Fig. 4.2.16. Moreover, the strain analyses revealed that the strain has no significant 
influence on the grain orientation for Cu3N films. 
 
 
Fig. 4.2.16: The grain orientation is determined by the energetic bombardment along 
with surface free energy under the different deposition conditions as evidenced by the 
plasma and X-ray analysis together with post deposition annealing experiments. 
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4.3 Structural and optical properties of copper-oxynitride films 
 
4.3.1 Introduction 
 
 
 The variation of the nitrogen to oxygen ratio in transition metal oxynitride 
systems, as described in chapter 1, enables the preparation of oxynitride films with 
atomic compositions varying between that of the corresponding nitride and oxide 
system.  
Up to now, there is only one publication regarding the copper-oxynitride system 
[4.3.1]. The main focus of this work lies on the structural evolution upon variation of 
the oxygen partial pressure by simultaneously keeping the nitrogen partial pressure 
constant. Five different films with changing oxygen partial pressure are prepared. 
Starting with the film without oxygen in the gas mixture yields the well known Cu3N 
phase. The increase of the oxygen partial pressure to 1.5·10-2 Pa resulted in films with a 
mixture of the phases Cu3N and Cu2O. Further increase of the oxygen partial pressure 
shows the formation of the simple cubic Cu2O, tetragonal Cu8O7 and the monoclinic 
CuO phases, without the occurrence of the Cu3N phase. All of theses films are 
crystalline without amorphous volume fractions. 
In this chapter, on the one hand the structural properties and the phase formation 
upon variation of the relative gas flow of nitrogen to oxygen of the copper-oxynitride 
films will be presented. Especially the role of oxygen on the phase formation of the 
deposited films will be discussed in detail. On the other hand, the optical and electrical 
properties of these films are also investigated. In particular, one emphasize is on the 
impact of varying the nitrogen to oxygen ratio on the bandgap value and the electrical 
resistance of the films. 
 
4.3.2 Experimental procedure 
 
Copper-oxynitride films have been deposited by varying the oxygen flow from 1 
to 9 sccm, while keeping the nitrogen flow constant at a value of 50 sccm. Different 
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substrates have been employed regarding the experimental technique used to analyse the 
specimens. For the X-ray analysis the films have been deposited on glass substrates 
with a film thickness of approximately 100 nm. In order to overcome the sample 
preparation procedure for TEM analysis, the samples have been deposited directly on 
carbon coated TEM-grids with a film thickness of around 10 nm. As already mentioned 
for the pure copper-oxide and copper-nitride system, the RBS measurements have been 
done on graphite substrates with a film thickness of 100 nm. Residual stress 
measurements based upon the wafer curvature method requires the use of thin substrate, 
for this reason glass substrates of 150 µm thickness have been employed. 
 
4.3.3 Results and Discussion 
 
Structural properties 
 
 
Fig. 4.3.1 GXRD measurement for copper- oxynitride films deposited in an oxygen flow range 
of 0 and 8 sccm and a constant nitrogen flow of 50 sccm. 
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Figure 4.3.1 shows the grazing incidence measurement for the films upon 
varying the oxygen flow, while keeping the nitrogen flow constant. The intensity is 
plotted versus the diffraction angle. The GXRD spectra reveal three distinct regions 
regarding the phase formation as shown in Fig. 4.3.1. In the first region, where the 
oxygen flow has been varied between 1 and 3 sccm oxygen flow, the Cu3N phase is 
observed, with the cubic anti-ReO3 structure as shown in Fig. 3.3. The lattice parameter 
remains unchanged at a value of 3.88 ± 0.02 Å. Remarkable is here, that the amount of 
grains oriented in the (111) direction decreases accompanied by an increase of the 
amount of grains oriented in the (100) direction upon increasing the oxygen flow. The 
second region ranges from 4 to 7 sccm oxygen flow exhibiting an amorphous 
microstructure. Accordingly no distinct peaks can be detected. And in the third region, 
at 8 and 9 sccm oxygen flow, one can see the formation of crystalline Cu2O phase with 
the simple cubic structure. In this region, the increase from 8 to 9 sccm oxygen leads to 
an increase of the lattice parameter from 4.32 to 4.37 ± 0.02 Å. Compared to the 
deposition of Cu2O films in chapter 4.1, the Cu2O films deposited here have a mixed 
orientations of (111) and (200), whereas the pure oxidic films exhibited mainly the 
(200) grain orientation. The increase of the oxygen flow, which is equivalent with a 
decrease of the nitrogen content, leads to films with a lower (111) diffraction intensity 
(Fig.4.3.1), which is an indication that the films tend to grow mainly in (200) direction. 
Moreover, notable is the fact that the simultaneous existence of crystalline grains of 
Cu3N and Cu2O has been not observed. It is reasonable to assume that the films contain 
amorphous copper-nitride and copper-oxide phases. In order to reveal the amorphous 
phases, the films have been annealed at 100, 200 and 300 °C in an argon atmosphere. At 
temperatures of 100 °C and 200 °C the films remain amorphous. At a temperature of 
300 °C the films crystallize with a Cu2O phase which can most likely be attributed to an 
oxidation from air. Therefore it was not possible to identify the amorphous phases in the 
films prior to annealing. 
For one sample, deposited at 2 sccm oxygen flow, detailed microstructural 
characterization has been carried out by means of TEM combined with elemental 
mapping with the aid of energy filtered TEM (EFTEM). The HRTEM images from two 
different regions of the sample are illustrated in Fig. 4.3.2. From these micrographs 
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crystallites can be identified by their lattice fringe contrast, which is only visible, if the 
crystal is in focus and oriented parallel to the direct electron beam. The crystalline 
grains have different sizes with a mean value of around 5 nm and with varying 
orientations.  
Figure 4.3.3 shows one crystallite, where the contrast pattern exhibits a cubic 
symmetry. High resolution images comprise an interference pattern, which depends on 
the specimen thickness and on the experimental conditions, i.e. the aberration induced 
by the objective lens, impose phase shifts to the scattered beams. In the high resolution 
image, contrast variations across the particle is clearly observed, which can be attributed 
to a thickness variation. An unambiguous identification of the crystalline phase leading 
to this contrast behaviour is not possible, since the positions of the individual atomic 
columns, e.g. Cu and N can not be deduced from this interference pattern. 
 
 
 
Fig. 4.3.2: HRTEM micrographs from different regions of the film deposited at an oxygen 
flow of 2 sccm. Crystallites with a size of around 5nm and smaller can be identified. On the 
right hand side image, two grains with different orientations close to each other can be 
observed. 
 
Here, the precise knowledge of specimen thickness and defocus would be required, 
which is almost impossible to deduce from a particle with an unknown shape. 
Nontheless, this image supports the hypothesis, that the particle is indeed Cu3N. This is 
supported by the analysis of the spatial distances in Fig. 4.3.3. The distances, achieved 
from linescan analysis of the bright spots in the grain in Fig. 4.3.3 yield a mean value of 
0.38 nm, which is comparable with the lattice parameter of the copper-nitride phase. 
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With the prior knowledge that the film consists of copper and nitrogen, we can deduce a 
cubic symmetry. Furthermore, multislice calculations were performed, where the most 
prominent aberration, namely the defocus and the specimen thickness were varied. The 
result is given in Fig. 4.3.4. Although much more contrast details can be resolved in the 
simulated images, some of the contrast patterns agree with the experimental 
observation. 
 In addition, it is apparent from the HRTEM images that the grains are 
embedded in an amorphous matrix. In order to investigate these amorphous regions 
elemental mapping of copper, nitrogen and oxygen has been performed. The bright field 
(Fig. 4.3.5a) and EFTEM micrographs are shown in Fig. 4.3.5. The bright field image 
reveals randomly oriented small crystallites. The images given in Fig.4.3.5 (b)-(d) 
revealing a homogenous distribution of the elements copper, nitrogen and oxygen. The 
copper and the nitrogen distribution, Fig. 4.3.5 b and c, respectively, exhibits a brighter 
contrast at the edge of the specimen, which is caused by the higher sample thickness at 
this region. Based on the X-ray diffraction data, the sample consists mainly of the Cu3N 
phase, therefore the copper and nitrogen amount at the edge is higher. One has to keep 
in mind that the elemental distribution of oxygen in the film is highly influenced by the 
post deposition oxidation in air.  
 
 
 
Fig. 4.3.3: HRTEM of a Cu3N grain oriented in the [100] lattice direction together with a 
linescan (red box), in order to estimate the interatomic distances 
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Furthermore, it is not possible to resolve the oxygen, which could be located 
preferentially at the grain boundaries, caused by the limited lateral resolution of the 
energy filtered TEM, which is around 3 nm. Therefore it is believed that the oxygen 
distribution is not enough accurate to draw conclusions from it. 
Since the X-ray diffraction data can not give information about the properties of 
the amorphous phases, composition analysis have been also carried out, which is shown 
in Fig. 4.3.6. The increase of the oxygen flow, i.e the decrease of the nitrogen to oxygen 
flow ratio leads to a decrease of the copper content, where the nitrogen content remains 
constant at 23 % up to a flow ratio of 10, which corresponds to an oxygen flow of 5 
sccm. The oxygen content increases from 4.4 to 13 %. Beyond a gas flow ratio of 10 the 
oxygen amount increases from 13 to 30 % accompanied by a decrease of the nitrogen 
amount from 22 to 9 %. 
 
Fig. 4.3.4: Image simulation of the Cu3N structure along the [100] zone axis employing the 
multislice technique. 
 
 
Based on the composition analysis, as given in Fig. 4.3.6, the decrease of the gas flow 
ratio leads to decrease of the copper concentration, which is also reflected in the mass 
density values as illustrated in Fig.4.3.7. A progressive decrease of the mass density is 
observed with decreasing gas flow ratio up to a gas flow ratio of around 7, which 
corresponds to 7 sccm oxygen flow. Beyond this point a sudden enhancement of the 
density from 5.50 to 5.80 g/cm3 has been noticed, most likely caused by the 
crystallisation of the film as pointed out by the X-ray analysis. Since the density of 
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Cu3N films, sputtered without oxygen in the sputtering discharge, have a very high 
value of 7.3 g/cm3 caused by the high copper content, the density at a gas ratio of 50 has 
also a slightly higher value than the bulk value of Cu3N. 
 
 
 
Fig.4.3.5: Bright field (a) and EFTEM (b-d) micrographs of the film deposited at 2 sccm 
oxygen flow. Elemental distribution of copper (c), nitrogen (b) and oxygen (d). 
 
The discussions concerning the grain orientation of the pure copper-nitride films in 
chapter 4.1 have given the insight that the residual stress plays a crucial role regarding 
the crystal orientation. For this purpose the residual stress has been measured and is 
displayed in Fig. 4.3.8. All films reveal compressive stress except the film sputtered at a 
gas flow ratio of 7, which has a small tensile character of 24 ± 6 MPa. The compressive 
stress is reduced from -1040 to -750 MPa by decreasing the gas flow ratio from 50 to 
17, i.e. increase of oxygen flow from 1 to 3 sccm. Beyond a flow ratio of 7 the stress 
starts again to increase up to a value of -240 MPa for the film, which crystallize in the 
Cu2O phase. 
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Fig. 4.3.6: Atomic composition of the CuNO films as a function of the relative gas flow of 
nitrogen to oxygen in the sputtering discharge 
 
 
Fig. 4.3.7: Mass density upon variation of the relative gas flow of nitrogen and oxygen 
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Fig.4.3.8: Residual stress as a function of relative flow of nitrogen to oxygen. 
 
 
The X-ray analysis has revealed, as mentioned above, in the first region a 
variation of the grain orientation with increasing oxygen flow or decreasing nitrogen to 
oxygen flow ratio. Can this change of the orientation be caused by the insertion of 
oxygen atoms into the lattice of the Cu3N phase? Or is it possible to achieve the 
variation of the grain orientation by substitution of nitrogen by oxygen atoms. 
 
 
Fig. 4.3.9: Unit cell of copper-nitride (Cu3N) with different possible incorporation of 
oxygen atoms. 
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Several possibilities to incorporate and substitute oxygen atoms into the unit cell of 
Cu3N with the corresponding lattice planes are depicted in Fig. 4.3.9. The software 
Powdercell [4.3.2] has been employed to simulate the diffraction pattern for Cu-Kα 
radiation from the unit cell given in Fig. 4.3.9 by assuming Lorentzian peak shape 
functions with an arbitrary chosen peak width of 0.3°. The corresponding simulated X-
ray spectra for the three possibilities of oxygen insertion or substitution are shown in 
Fig. 4.3.10. The simulations have been performed assuming the following atomic 
composition of the films; for (a) Cu3NO0.1, (b) Cu3N0.87O0.13 and for (c) Cu3NO0.05. 
These compositions have been chosen in order to approximate the experimentally 
measured composition data. For the cases (a) and (b) the oxygen content has been 
intentionally overestimated in order to see a significant change in the simulated 
diffraction spectrum. However, even in this case, as it is evident from Fig. 4.3.10 the 
experimental measured diffraction pattern can not be reproduced. Furthermore, the 
substitution of the nitrogen atoms by oxygen is in contrast to the experimental 
composition analysis, since there the nitrogen content remained constant. Therefore one 
can conclude, based on the experimental RBS data as well as the simulated XRD 
spectra, that a substitution of the nitrogen atoms by oxygen is not possible. The 
incorporation of oxygen into the unit cell, case (a) and (b), can also not reflect the 
experimental grazing incidence diffraction data as shown in Fig. 4.3.1. This is further 
underlined by the fact that the insertion of an oxygen atom into the lattice of Cu3N must 
lead to an increase of strain and hence to an enhancement of the residual stress values. 
However, the measured stress values are exhibiting the opposite behaviour. For this 
reason the coexistence of the two different phases, Cu3N and Cu2O, is proposed.  
The phase formation proceeds according to the following chemical reaction: 
 
CuxNyOz → aCu3N + bCu2O   (4.3.1) 
 
where a and b are parameters fulfilling the total stoichiometry of the film. The Cu2O 
phase is present in amorphous form owing to the fact that the amount of oxygen is too 
low to build crystalline Cu2O. For the case of 3 sccm O2 or 17 gas flow ratio, equation 
(4.3.1) yields many possible formations of the corresponding phases, for instance: 
 
    Cu3NO0.13 → Cu2.74N + Cu0.26O0.13  
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    Cu3NO0.13 → Cu2.8N + Cu0.20O0.13 
      etc. 
 
From the experimental data it is not possible to determine the absolute atomic 
composition of any of the phases. It turns out that in any case the amount of copper in 
the copper-nitride phase is reduced since some of the copper atoms are required to build 
the copper-oxide phase. The influence of reducing the copper content in the copper-
nitride phase on the diffraction pattern has been also simulated, which is shown in Fig. 
4.3.11 for different compositions. From the simulated spectra it is obvious, that the 
reduction of the copper content leads to an increase of the (100) diffraction intensity at 
the expense of the (111) intensity. This observation is in qualitative agreement with the 
experimental X-ray data presented in Fig. 4.3.1. Moreover, the decrease of the mass 
density values, determined by the XRR measurement, is also consistent with a decrease 
of the copper content in the crystalline copper-nitride phase. 
 
 
 
Fig. 4.3.10: Simulated XRD spectra for the possible incorporation of oxygen, shown in 
Fig.4.3.9. The simulated spectra are not in agreement with the experimental grazing 
incidence data shown in Fig. 4.3.1.  
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Fig. 4.3.11: Simulated X-ray spectra for copper deficient copper-nitride films. These data 
show a qualitative agreement with the experimental GXRD data as given in Fig. 4.3.1. 
 
In this regard, a further increase of the oxygen flow results in a depletion of copper for 
the formation of copper-nitride, which leads to an amorphisation of Cu3N at an oxygen 
flow of 4 sccm (Fig. 4.3.1). It has emerged in the investigation of the pure copper-oxide 
phase in chapter 4.1, that an oxygen flow of around 10 sccm is necessary in order to 
build crystalline Cu2O. Therefore, the films deposited in the oxygen flow range between 
4 and 7 sccm are all amorphous, since the oxygen concentration is to low to form 
crystalline Cu2O and the copper amount for the formation of crystalline Cu3N is not 
sufficient. In accordance with the results for the pure copper-oxide system for oxygen 
flows higher than 8 sccm, crystalline Cu2O is obtained (Fig.4.3.1). The strong relaxation 
of the compressive stress upon increasing the oxygen content (decreasing the relative 
gas ratio) is believed to be to some extent caused by the compositional changes, i.e. the 
transformation of the deposited films from a nitride-like to a more oxide-like film, and 
from the amorphisation. Furthermore the strongest evidence for the presence of 
amorphous copper-nitride for instance for the sample deposited at 50 sccm N2 and 8 
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sccm O2 is the high content of nitrogen in this film. This nitrogen can not exist in the 
molecular state, so the most likely case is the formation of a copper-nitrogen bond. 
 
Electrical and optical properties 
 
The electrical resistivity for different deposition conditions have been measured, 
which is displayed in Fig. 4.3. The increase of the oxygen, from 1 to 2 sccm, in the 
sputtering discharge leads to a drastic increase of the electrical resistivity from 4·10 -3 to 
103 Ωcm. A further increase of the oxygen flow, between 2 and 7 sccm, results in a 
slight decrease of the resistivity values. The increase from 7 to 8 sccm oxygen flow is 
accompanied by a drop of the resistivity from 90 to 0.02 Ωcm, which coincides with the 
formation of the crystalline Cu2O phase as shown by the X-ray analysis. 
The optical response of the copper-oxynitride films on the interaction with 
electromagnetic waves in the spectral range from 0.7 to 5.3 eV and from 1.1 to 6.5 eV 
has been investigated by means of variable angle ellipsometry and reflectance 
measurements, respectively. For the reflectance measurement the films have been 
deposited on silicon substrates with an intermediate layer of metallic aluminium. The 
reflectance spectra for three samples are given in Fig. 4.3.13. 
 
 
Fig. 4.3.12: Electrical resistivity upon variation of the relative gas ratio of nitrogen to 
oxygen (black). Also shown is the calculated resistivity from the Drude model (red). 
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Fig. 4.3.13: Reflectance spectrum for copper-oxynitride films deposited at three 
different oxygen flows of 5, 7 and 8 sccm, which correspond to gas ratios of 10, 7 and 
6.3, respectively. 
 
Two different zones can be discriminated from the reflectance spectrum depicted in Fig. 
4.3.13. In the first region oscillations can be observed up to a photon energy of around 
2.5 eV. The disappearance of the oscillations in the reflectance spectrum coincides with 
the beginning of the energy absorption from the incoming light, which hence is an 
indication for the optical band gap energy of the material under investigation. In order 
to quantify the value of the band gap energy (Fig. 4.3.14), simulations of the 
experimental data with the OJL-model and with harmonic oscillators have been carried 
out. The obtained band gap values cover the spectral range from 1 to 2.4 eV as a 
function of the relative gas flow ratio. 
Additionally a Drude term has been utilized, which accounts for the contribution of the 
metallic character of the nitride phase, which is present in amorphous form as revealed 
by the composition and X-ray analysis. Based on the reflectance and ellipsometry data, 
the dielectric function upon variation of the oxygen flow has been determined, which is 
given in Fig.4.3.15. As already mentioned above for low oxygen flows, i.e. up to 4 
sccm, where the Cu3N phase is observed, the Drude model has also been employed. 
From the parameters of the Drude model the conductivity or the optical resistivity has 
been calculated for gas ratios bigger than 12 and is illustrated in Fig. 4.3.12 (red squares 
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in Fig. 4.3.12). The comparison of the calculated data from the Drude theory and the 
experimental resistivity data yields a good agreement. Both data exhibit the decrease of 
the resistivity values, which is correlated with the transition from a nitride like to an 
oxide like material. Furthermore the charge carrier densities have been calculated based 
on the Drude model under the assumptions of meff = m0 and meff = 0.1m0, which is 
shown in Fig. 4.3.15. The results for the charge carrier densities are consistent with the 
electrical resistivty values since for high electrical resistivity values the charge carrier 
density is low in the intermediate relative gas flow range. And for low resistivity values 
the charge carrier density is high in the range of 1026 to 1027 m-3, which is lower than for 
typical metal films (1028 to 1029 m-3). 
 
Fig. 4.3.14 : Optical bandgap energy obtained from the reflectance spectrum for 
different relative gas ratios. The dashed line serves as a guide for the eye. 
 
 
 
Fig.4.3.15: Charge carrier density for two different values of the effective mass, 
namely for meff = m0 and meff = 0.1m0 
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Fig.4.3.16: Dielectric function for copper-oxynitride films deposited between 1 and 9 
sccm oxygen flow and a constant nitrogen flow of 50 sccm. 
 
 
 
 
4.3.4 Summary 
 
Reactive sputtering from a metallic copper target has been employed to deposit copper-
oxynitride films with various atomic compositions and crystal structures. The X-ray 
analysis has revealed three different regions regarding the microstructure of the films. In 
the first region, crystalline Cu3N films with amorphous copper-oxide have been 
deposited, whereas in the third region crystalline Cu2O films with amorphous copper-
nitride have been observed. The second region is characterized by an amorphous 
microstructure, with copper-nitride and copper-oxide as the constituents. Based on the 
simulation of the X-ray data combined with the composition and residual stress 
analysis, the insertion of oxygen into the lattice of Cu3N and the substitution of nitrogen 
by oxygen can be excluded. Moreover, the variation of the nitrogen to oxygen flow 
during the deposition of the films has resulted in films with different structural 
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properties, including mass density and residual stress, electrical and optical properties. 
In this context it is possible to provide deposition conditions, in order to deposit films 
with defined electrical and optical properties, with optical band gap’s lying between 1 
and 2.4 eV as shown in Fig. 4.3.16. 
 
 
Fig. 4.3.16: Summary of the main results as a function of the relative gas flow ratio of 
nitrogen to oxygen in the sputtering discharge. The green dashed line indicates the regions, 
where films with different structural properties have been obtained. Along with this 
structural variations, the other physical properties such as mass density, stress and the 
electrical resistivity exhibit different values. Upon varying the relative gas flow it is 
possible to prepare films with band gap values between 1 and 2.4 eV. 
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4.4 Properties of nickel-oxide films 
 
4.4.1 Introduction 
 
Nickel-oxide (NiO) is an attractive material due to the wide variety of 
applications as well as for theoretical investigation of the so called strongly correlated 
systems [4.4.1], where the material undergoes a metal-insulator transition. Among the 
numerous applications, the manifestation of electrochromic behaviour [1.26 – 1.28, 
4.4.2] and the resistance switching for random access memories [1.29 – 1.32] makes 
NiO a very interesting material regarding the industrial point of view. Further fields of 
applications are the employment of NiO in gas sensors [4.4.3 – 4.4.5], p-type 
transparent conductive oxide [4.4.3, 4.4.4]. Due to the emergence of antiferromagnetic 
behaviour [4.4.6, 4.4.7], NiO is frequently used as so called spin valves in giant 
magnetoresistive read heads [4.4.8 – 4.4.11]. 
Numerous publications exist regarding the investigation of the physical 
properties of nickel-oxide films. Most of the authors employed the reactive sputtering 
technique [4.4.3 – 4.4.5, 4.4.12 ] to deposit the desired films. Nevertheless, alternative 
deposition methods such as the thermal evaporation [4.4.13], spray pyrolysis [4.4.14] 
and spin coating from an organic solution [4.4.15] have been also utilized. Beside the 
NiO phase, also the hexagonal Ni2O3 [4.4.16] phase exists, but mainly the NiO phase 
have been observed in most of the above mentioned studies. 
The effect of varying the oxygen flow on the structural, electrical and optical 
properties has been investigated in this study. 
 
4.4.2 Experimental procedure 
 
Nickel-oxide films have been deposited onto glass substrates for the X-ray, electrical 
and optical analysis, whereas graphite substrates have been used for the RBS analysis. 
The film thickness for all investigations was approximately 100 nm. The oxygen flow 
has been varied between 0 and 40 sccm.  
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4.4.3 Results and Discussion 
 
Structural properties 
 
The structural evolution of the pure nickel and nickel-oxide films, as measured by X-ray 
diffraction in grazing incidence configuration at a glancing angle of 0.5 °, is shown in 
Fig. 4.4.1. The coexistence of pure nickel and nickel-oxide is observed at an oxygen 
flow of 3 sccm, where the nickel film is amorphous. Upon increasing oxygen flow to 5 
sccm, highly crystalline films of NiO are formed, which exhibit the NaCl-structure 
[4.4.17], which is illustrated in Fig. 4.4.3. Further increase of the oxygen content leads 
to the deposition of films with reduced crystallinity. From the GXRD data the lattice 
parameter upon increasing the oxygen content is calculated, which is illustrated in Fig. 
4.4.2. Since the films deposited above 15 sccm are almost amorphous, it was not 
possible to calculate the interatomic distances by the GXRD technique. 
 
Fig.4.4.1: GXRD of NiOx films deposited at different oxygen flows. The vertical lines show 
the corresponding JCPDS value. 
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Fig.4.4.2: Evolution of the lattice constant upon increasing the oxygen flow. The dotted line 
marks the literature value for the lattice parameter. 
 
Beyond an oxygen flow of 5 sccm a pronounced increase of the lattice parameter, as has 
been calculated with the Bragg equation from the GXRD measurement given in Fig. 
4.4.1, is observed, which is indicative for an energetic bombardment of the growing 
film. The increase of the lattice parameter or the cell volume is than caused mainly by 
the residual stress. The existence of negatively charged oxygen ions during the growth 
of oxide films by means of sputtering is well known [4.1.19] and it is likely that the 
high increase of the lattice parameter is caused by the bombardment with energetic 
oxygen ions. Evidence for this bombardment gives the residual stress shown in Fig. 
4.4.3. The metallic nickel film exhibits a stress-free state. The increase of the oxygen 
flow in the discharge changes the stress state dramatically to – 3 GPa at an oxygen flow 
of 5 sccm, where high crystalline NiO films are obtained. This value is in agreement 
with the reported compressive stress value for sputtered NiO of -3.7 GPa [4.4.18]. Up to 
a flow of around 10 the compressive stress remains almost unchanged. Further increase 
of the oxygen flow results in stress relaxation up to a value of – 1 GPa at a flow of 40 
sccm. Remarkable is that the stress relaxation coincides with the reduce of the 
crystalline quality as observed by the X-ray analysis, i.e. above 15 sccm oxygen flow 
the NiO films starts to become amorphous. One possible explanation for this stress 
behaviour could be within the framework of the atomic peening model, which has been 
described in chapter 2. Based on this model, the compressive stress increases upon 
increasing the energy of the incoming particles with the constraint that the material is 
 
 
 132 
still in the elastic regime. Therefore it is supposable, that the incoming particles at an 
oxygen flow of around 5 sccm have high energies, which is also supported by the 
significant increase of the target voltage (Fig. 4.4.4) as will be discussed later. Further 
increase of the oxygen flow leads most likely to a decrease of the energy as estimated 
by a decrease of the target voltage. 
 
Fig. 4.4.3: Compressive stress for nickel-oxide films with different oxygen content. 
 
Further contribution to the change of the lattice constant could be result from the atomic 
composition, which is given for three different oxygen flows in Tab 4.2.1. All three 
films, deposited in the oxygen range 5 to 10 sccm are oxygen rich. This implies that 
either nickel vacancies or interstitial oxygen exist in stoichiometric NiO. This effect is 
more pronounced with increasing the oxygen flow. If one assumes that the film contains 
nickel vacancies than the size of the NiO lattice should decrease, which is not consistent 
with the GXRD results. For this reason the insertion of oxygen atoms into the lattice of 
NiO is more likely than the formation of nickel vacancies. 
 
Target and deposition characteristics 
 
The mass density and the film thickness or the deposition rate, as measured by 
means of XRR, upon increasing the oxygen flow is shown in Fig. 4.4.3. Since the XRR 
data depends on the atomic composition, an example will be given here to illustrate this. 
Especially the effect of the composition on the mass density is evident. For three 
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different compositions of NiO, NiO0.5 and NiO0.1 the mass density and the film thickness 
have been calculated and are shown in Tab. 4.4.1. The effect of the atomic composition 
is significant on the mass density, whereas the film thickness is not affected. 
 
composition Ni1O1 Ni1O0.5 Ni1O0.1 
mass density 
g/cm3 
6.43 6.50 6.64 
film thickness 
[nm] 
112 112 112 
 
Tab. 4.4.1: The influence of atomic composition for three different stoichiometries on the 
mass density and film thickness as obtained from the XRR analysis. 
 
The mass density drops significantly from (8.40 ± 0.05) to (6.43 ± 0.05) g/cm3 
with increasing the oxygen flow from 0 to 5 sccm. This decrease is caused by the 
formation of the crystalline nickel-oxide phase as is evident from the GXRD 
measurement. Since the mass density of the oxide is significantly lower than the 
corresponding density of the metal, a reduced density value is observed. A further 
increase of the oxygen flow results in slightly decreased density values caused by the 
constant phase of nickel-oxide. This small decrease of the density may be explained in 
terms of the reduced crystallinity of the nickel-oxide films deposited at higher oxygen 
flows as revealed by the GXRD data. 
 
 
 
Fig.4.4.3: Unit cell of NiO, which crystallize in the well-known NaCl-structure. 
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oxygen flow 
[sccm] 
5.8  7  10  
composition Ni1O1.10 Ni1O1.18 Ni1O1.20 
 
Tab. 4.4.2: Atomic composition for three different oxygen flows as determined by RBS 
measurements. 
 
In order to explain the behaviour of the deposition rate, one has to consider the 
target surface upon variation of the sputter conditions. In this context the surface 
binding energy of the target material is the important parameter, which determines the 
sputtering yield and hence the deposition rate. Since the binding energy of metals is in 
general lower than the binding energy of the corresponding oxide, the deposition rate in 
the so called metallic sputtering mode, where the target’s surface is not covered with an 
oxide film, should be higher than in the oxidic mode. But the measured data exhibit a 
different behaviour; one can see first an increase of the deposition rate upon increasing 
the oxygen flow from 0 to 5 sccm, where the deposition rate increases from (0.90 ± 0.04 
) to (1.40 ± 0.03) nm/s. It is possible that some fluctuations at the target surface 
composition may lead to the observed anomalous behaviour of the deposition rate. A 
further increase of the oxygen flow results in a similar behaviour as in the case of the 
density values, i.e. a sudden decrease of the rate and then an almost constant value of 
0.2 nm/s. This saturation of the deposition parameters is a result of the complete 
coverage of the target surface by an oxide layer, whereas the sudden drop of these 
parameters characterizes the onset of this coverage. 
 
Electrical and optical properties 
 
The electrical resistivity values have been measured at room temperature at different 
oxygen flows, which are shown in Fig.4.4.4a. Due to the formation of the NiO with 
increasing oxygen flow the electrical resistivity increases drastically from 10-5 Ωcm to 
25 Ωcm. A further increase of the oxygen flow leads to a drop of the resistivity values 
to 0.05 Ωcm. One reason for this drop could be the decrease of the crystalline quality 
with increasing oxygen flow. In order to elucidate this point, temperature dependent 
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measurements have been carried out, in the temperature range of 0 to 300 °C for the 
films deposited at oxygen flows of 5 and 40 sccm, which is shown in Fig. 4.4.4b. Both 
samples exhibit a decreasing resistivity upon increasing temperature and an increase of 
resistance upon cooling, which is a characteristic feature of semiconducting materials. 
In both cases the resistivity increases after the cooling process, whereas the change for 
the film sputtered at 40 sccm exhibits a bigger difference than for the film deposited at 5 
sccm oxygen flow. These variations of the electrical resistivity can be linked to the 
structural changes upon the annealing procedure. For this reason GXRD measurements 
have been performed after annealing each specimen. The results are shown in Fig. 4.4.5. 
 
 
Fig. 4.4.4: Mass density and deposition rate as measured by XRR at different 
oxygen flows. 
 
From Fig.4.4.5 it is evident that the annealing of the specimen deposited at 40 sccm 
oxygen undergoes a crystallization process, which is reflected by sharp diffraction 
peaks, i.e. higher intensity and smaller FWHM, than for the as-deposited sample. The 
same argument is valid for other samples, but here only the FWHM is becoming smaller 
compared to the as-deposited film. Furthermore, a small reduction of the (200) 
diffraction intensity can be observed, where the reflection intensity of the (111) remains 
unchanged. Based on these results one can conclude that the structural changes for the 
film deposited at 40 sccm oxygen flow are more pronounced, which can hence lead to 
 
 
 136 
the observed higher increase of the electrical resistivity upon annealing compared to the 
sample sputtered at 5 sccm oxygen flow. 
 
 
Fig.4.4.5a: Room temperature electrical resistivity values for films deposited upon 
increasing the oxygen flow. 
 
 
Fig.4.4.5b: Temperature dependent electrical resistivity values for films deposited at 5 and 
40 sccm oxygen flow. 
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Further on, one can calculate the activation energy Ea from the temperature dependence 
of the resistivity assuming exponential relationship between resistivity and activation 
energy [4.4.19], i.e.  






=
kT
Eaexp0ρρ      (4.2.1) 
where ρ is the electrical resistivity, T the temperature and k the Boltzman constant. The 
activation energies have been calculated from the slope of the Arrhenius plot of the 
resistivity. For the NiO film sputtered at 5 and 40 sccm oxygen flow, the activation 
energies are (0.39 ± 0.01) eV and (0.42 ± 0.02) eV, respectively. 
 The dielectric function (Fig.4.4.7) for NiO films as a function of the oxygen 
flow has been determined from the simulation of the ellipsometry data employing the 
OJL and Drude model. For the NiO films deposited at 5 and 7 sccm only the OJL model 
has been utilized, where for the films deposited above 7 sccm also a Drude contribution 
has been included into the fitting procedure of the experimental data. The optical band 
gap value has been obtained from the OJL model (Fig. 4.4.8), which is decreasing from 
3.33 to 2.92 eV upon increasing the oxygen flow from 5 to 40 sccm. 
 
 
Fig. 4.4.6: GXRD measurement for nickel-oxide films deposited at 5 and 40 sccm oxygen 
flow before (black) and after (blue) the annealing process. 
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Fig. 4.4.7: Dielectric function for NiO films as a function of the oxygen flow. 
 
Fig.4.4.8: Optical band gap energy as a function of the oxygen flow. 
 
The composition analysis reveals that the increase of the oxygen flow leads to nickel 
deficient films, which results in the well known p-type conductive NiO films. The 
Drude model, which has been used in the fitting of the NiO films deposited at higher 
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oxygen flows accounts for the contribution of this p-type conduction. The improvement 
of the electrical conductivity or the decline of the electrical resistivity is also confirmed 
by the four-point probe measurement data depicted in Fig. 4.4.5a. As a result of the 
compositional changes, especially the formation of nickel vacancies, which leads to p-
type conductivity, can yield low values of the activation energies. These results are 
consistent with the increase of the lattice parameter upon increasing the oxygen flow, 
since the increase of the lattice constant could be the result of residual stress caused by 
the inherent bombarding during the sputtering of oxide films. 
 
4.4.4 Comparison with copper-oxide 
 
Despite the difference in the crystal structure of both oxides, NaCl-structure for the NiO 
phase and simple cubic and monoclinic for Cu2O and CuO, respectively, many 
similarities can be observed upon variation of the oxygen flow. The trend in many 
physical properties upon increasing the oxygen flow, including the target voltage, 
deposition rate, residual stress, electrical resistivity and optical properties reveal 
similarities. Furthermore, the decrease of the crystalline quality from a certain value of 
the oxygen flow is characteristic for both compounds. It is the result of the sputtering 
process, in particular most likely caused by the energetic bombardment with negatively 
charged oxygen ions. Moreover, the decrease of the electrical resistivity in both systems 
is correlated with the compositional variations, in particular the occurrence of p-type 
conductivity induced by metal vacancies. 
 
4.4.5 Summary 
 
Nickel-oxide films have been prepared by means of reactive sputtering in an oxygen 
flow range from 5 to 40 sccm. In Fig. 4.4.9 the target voltage, residual stress, electrical 
resistivity and optical band gap are summarized. At 5 sccm oxygen flow, highly 
crystalline NiO films have been obtained, whereas the crystallinity is drastically 
reduced upon increasing the oxygen flow. This decline of the crystalline quality is 
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attributed mainly to the bombardment with negatively charged oxygen ions. 
Nevertheless, the decrease of the nickel concentration upon increasing the oxygen flow 
could be also a reason for the reduced crystallinity. The evaluation of the optical data 
gives NiO films with band gap values ranging from 3.33 to 2.92 eV upon variation of 
the oxygen flow. In order to account for the emerging p-type conductivity, which is the 
result of nickel deficient non-stoichiometric NiO films, a Drude term has been used for 
the films deposited above 7 sccm oxygen flow. Despite the fact that the NiO and Ni2O3 
phases posses similar heat of formations of 2.49 and 2.53 eV/metalatom, respectively, 
only the NiO phase has been observed. 
 
Fig. 4.4.9: Summary of various physical properties of nickel-oxide films including the target 
voltage, residual stress, electrical resistivity and band gap value as a function of the oxygen 
flow. The green dashed line indicates, where the high crystalline NiO films have been 
obtained. Increasing the oxygen flow beyond 5 sccm leads to decrease of the crystallinity and 
to nickel deficient NiO films, which leads to p-type conductivity. 
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4.5 Properties of nickel-nitride films 
 
4.5.1 Introduction 
 
In general, transition metal nitrides are well known for their high melting points 
combined with high hardness values and the excellent thermal stability. For this reason 
much effort has been paid to investigate the physical properties of early transition metal 
nitrides such as TiN, HfN and ZrN. In contrast to these materials, less is known about 
the physical properties of later transition metal nitrides such as Ni-N, Fe-N, Cu-N or 
Co-N. One reason for the limited investigation of these compounds could be their low 
thermal stability, which is for instance around 350 °C for hexagonal Ni3N [4.5.1]. 
Nevertheless, several fields of applications for nanostructured nickel-nitride 
films exist, and include for instance the use as data storage material [4.5.2, 4.5.3]. The 
magnetic properties are also of interest due to emerging ferromagnetic behaviour 
[4.5.2]. Furthermore, nickel-nitride is a promising compound for catalytic studies and in 
fuel cell applications [4.5.2]. The ongoing research for new materials revealing high 
temperature superconducting behaviour makes nickel-nitride an interesting material due 
to the similarity between the binding characteristics of the copper-oxide and the nickel-
nitride system [4.5.4, 4.5.5]. In addition, nickel-nitride is utilized in multilayered 
structures as soft X-ray mirrors and as part of optical components for X-ray telescopes 
and microscopes [4.5.6]. 
Up to now, there are several investigations concerning the phase formation of 
nickel-nitride films obtained by various preparation techniques including sputtering 
[4.5.1, 4.5.3, 4.5.6, 4.5.7, 4.5.8], chemical synthesis [4.5.2, 4.5.9, 4.5.10, 4.5.11] and 
bombardment of nickel films with nitrogen ions [4.5.12 - 4.5.14]. The obtained phases 
of nickel-nitride are the hexagonal Ni3N with ordered and disordered nitrogen [4.5.12], 
the primitive cubic Ni4N [4.5.12], the face-centered cubic Ni8N [4.5.12]. Furthermore 
the face centered tetragonal Ni4N and the body centred tetragonal Ni2N [4.5.1, 4.5.7] 
phases have been reported.  
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 In this work, the structural, electrical and optical properties of nickel-nitride 
films deposited on glass substrates have been investigated upon varying the nitrogen 
flow from 0 to 50 sccm. 
 
4.5.2 Results and Discussion 
 
Structural properties 
 
Nickel-nitride films have been deposited on glass substrates upon increasing the 
nitrogen content in the discharge gas. This leads to deposition of nitride films with 
different compositions and phases. The crystallographic phases of nickel-nitride starting 
from the pure metallic nickel film have been determined by employing X-ray diffraction 
in grazing incidence configuration at a glancing angle of 0.5°. The results are shown in 
Fig. 4.5.1. Without nitrogen in the discharge gas mixture, polycrystalline nickel films, 
which crystallize in the fcc structure with a lattice parameter of 3.52 ± 0.01 Å, have 
been obtained. With increasing nitrogen content in the gas phase, the deposited films 
become amorphous and further increase leads to the formation of the Ni3N phase of 
nickel-nitride. This phase of nickel-nitride crystallizes in the hexagonal structure with 
lattice parameters of 4.67 and 4.32 Å, which is in good agreement with the 
corresponding JCPDS value of 4.62 and 4.30 Å [4.5.15]. 
Atomic composition analysis by means of RBS measurements showed the 
formation of almost stoichiometric Ni3N films at a nitrogen flow around 30 sccm 
(Tab.4.5.1). Below this nitrogen flow the films contain significantly lower nitrogen 
concentrations. 
 
10 sccm N2 30 sccm N2 
Ni3N0.5 Ni3N1.07 
 
Tab.4.5.1: Atomic composition for two nickel-nitride films sputtered at 10 and 30 sccm N2. 
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Fig. 4.5.1: GXRD measurement of nickel and nickel nitride film with increasing nitrogen 
amount in the discharge gas mixture. 
 
 
Deposition characteristics 
 
The deposition characteristics such as the deposition rate and the mass density, 
which is of fundamental importance in the control of desired film properties, have been 
obtained from X-ray reflectometry measurements. The experimental data for the rate 
and the mass density are shown in Fig.4.5.2. With increasing nitrogen flow the mass 
density as well as the deposition rate decreases. This is caused by the reaction of the 
metallic nickel with the reactive nitrogen atoms. The mass density decreases since the 
density of nickel (8.91 g/cm3 [4.1.38]) is higher than the density of the corresponding 
nitride phase (7.93 g/cm3 [4.1.38]). The change in the deposition rate is caused by the 
binding energy variation, since the binding energy of the metal is lower than the 
corresponding energy of the nitride phase, the deposition rate decreases, if the 
sputtering mode shifts from metallic to nitride. 
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Optical and electrical properties 
 
In order to describe the materials dielectric properties a Drude term, which accounts for 
the contribution of the free electrons, and several Lorentz oscillators for the interband 
transitions have been utilized. The obtained dielectric function ε for the nickel film and 
the films deposited with increasing nitrogen flow is depicted in Fig. 4.5.3. The dielectric 
function exhibits for lower nitrogen flows a Drude like behaviour, i.e. the dielectric 
function is dominated by the Drude term. For nitrogen flows above 30 sccm, the DF is 
dominated by the Lorentz oscillators. 
 
Fig.4.5.2: Mass density and deposition rate for nickel and nickel-nitride films deposited at 
different nitrogen flows. 
 
These experimental findings are in agreement with the structural evolution that 
Ni3N films are formed for higher nitrogen flows. Furthermore, the electrical resistivity ρ 
has been calculated from the parameters, plasma frequency ωp and the broadening γ or 
the relaxation time τ, of the Drude model as given in equation 4.4.1 
 
   10
2
p )(
−τεω=ρ         (4.4.1) 
 
The electrical resistivity values, calculated using the Drude model, have been compared 
with the measured values of the electrical resistivity by means of the four point-probe 
method. Both results are shown in Fig.4.5.4 with a qualitative agreement of the optical 
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and electrical method. The resistivity value for the nickel film obtained from the Drude 
term is two times higher than the corresponding value from the electrical measurement. 
 
Fig.4.5.3: Dielectric function for the pure nickel and the nickel-nitride films deposited at 
different nitrogen flows. 
 
4.5.3 Comparison with copper-nitride 
 
Similarities of the nickel-nitride system with the copper-nitride films can be seen upon 
increasing the nitrogen flow. Especially the phase formation proceeds from the metal to 
the metal- nitride phase with a stoichiometry of M3N, where M represents the metal. In 
both compounds the nitride phase is formed at a nitrogen flow of around 25 or 30 sccm. 
In this context also the behaviour of the optical and electrical properties reveal similar 
trends upon increasing the nitrogen flow, in particular the increase of the electrical 
resistivity upon increasing the nitrogen flow for both compounds. 
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Fig.4.5.4: Optical and electrical determination of the resistivity values from the Drude 
model and the four point probe measurements, respectively. 
 
 
4.5.4 Summary 
 
Nickel-nitride films have been deposited by means of reactive sputtering of a 
metallic target. The deposition parameters, i.e. the nitrogen flow, have been varied in 
order to get the stoichiometric Ni3N phase. The nickel-nitride films crystallize in 
hexagonal symmetry as shown by the X-ray diffraction analysis. This formation of the 
Ni3N phase starts at nitrogen flows of around 30 sccm, whereas the films below this 
value contain less nitrogen. In agreement with the structural data, the dielectric 
properties show also metallic behaviour for films sputtered below 30 sccm nitrogen. 
The resistivity values calculated from the Drude model are qualitatively consistent with 
the measured values of the electrical resistivity as has been determined by the four-point 
probe technique. 
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Fig. 4.5.5: Based on the X-ray and optical analysis a summary of the experimental data 
obtained. Shown are the mass density, deposition rate and the electrical resistivity as a 
function of the nitrogen flow. The dashed lines separate the different regions such as 
metallic, transition and nitridic region. This separation is based on the GXRD and 
ellipsometry data. 
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4.6 Formation of tetragonal nickel nitride by means of reactive sputtering in an 
argon -nitrogen - oxygen discharge 
 
 
The sputtering of nickel in an argon-nitrogen gas mixture leads to the well 
known phase of nickel nitride (Ni3N) with a hexagonal crystal structure. The addition of 
small amounts of oxygen into the gas mixture results in a second phase of nickel nitride 
(Ni2N), which crystallizes in a tetragonal symmetry. In this work the formation 
mechanism of the metastable tetragonal nickel nitride phase is discussed in terms of the 
chemical reactivity and bombardment with oxygen ions. The bombardment of the 
growing nickel-nitride film in-situ by means of nitrogen ions leads to amorphization of 
the hexagonal Ni3N phase, as revealed by the grazing incidence X-ray diffraction 
measurements, and not to the tetragonal phase. From these data one can conclude that 
the phase separation can not be considered as purely bombardment induced. The use of 
a shielding ring on top of the target, which reduces the bombardment of the growing 
film with energetic oxygen ions, inhibited partially the formation of the tetragonal 
phase. For this reason the presence of non energetic oxygen in the gas mixture is not 
sufficient to cause the formation of the tetragonal nickel-nitride. Based on these 
observations one can deduce that the tetragonal phase formation is caused by first 
bombardment with energetic oxygen ions and second the chemical reaction of the 
oxygen with nickel atoms. 
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4.6.1. Introduction 
 
The physical properties along with the field of applications of nickel-nitride 
films have been already introduced in chapter 4.5. In this work, we are investigating the 
impact of small amounts of oxygen on the phase formation of nickel-nitride films 
deposited in an oxygen/nitrogen/argon discharge. In this context two different sources 
for the phase formation has been considered, namely the bombardment induced [4.6.1] 
and the chemical [4.6.2] induced phase transformation. 
It is reasonable to consider the bombardment induced structural variations, since 
the existence of energetic oxygen ions [4.1.19] in the sputtering process is well known. 
In order to analyze the impact of energetic bombardment on the phase formation, the 
growing film was exposed in-situ to nitrogen ion bombardment. Moreover, based on the 
high reactivity of metal atoms with oxygen, the chemical reactivity of oxygen with the 
nickel atoms can also cause a structural variation of the nickel-nitride films, which has 
been also considered in the discussion of the phase transformation of nickel-nitride 
films. In this context, also films without oxygen in the gas mixture were prepared as a 
reference system. 
 
4.6.2. Experimental details 
 
Nickel-nitride films have been deposited on glass substrates by means of 
reactive DC magnetron sputtering from a planar nickel target with a diameter of 75 mm 
and purity of 99.96%. The samples were prepared at a constant current of 400 mA and a 
pressure of 0.8 Pa, where the distance between target and substrate was kept constant at 
70 mm. 
 The effect of oxygen on the structure formation of nickel-nitride films has been 
investigated by keeping the nitrogen flow constant and varying the oxygen flow (set1). 
The argon flow was also varied in order to keep the total pressure constant. In addition, 
one nickel-nitride film has been deposited in a pure argon/nitrogen discharge as a 
reference. 
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 The impact of ion bombardment on the structural evolution is analyzed by in-
situ bombardment of the growing film with nitrogen ions from an ion gun. Here, two 
sets of films have been prepared. In the first set (set2), the films have been deposited in 
an argon/nitrogen gas mixture without oxygen in the sputtering chamber. The nitrogen 
ion flux was varied between 4.3 and 12.2 µA. In the second set (set3), a shielding ring 
on top of the target has been used, in order to increase the effect of the nitrogen ion flux. 
The shielding ring reduces the total flux from the target to the substrate. In this case the 
nitrogen ion flux was varied from 0 to 9.6 µA. 
 The existence of energetic oxygen ions is well known in oxygen discharges, 
which bombard the growing film with relatively high energies and lead to changes in 
film structure. The influence of the energetic oxygen ion bombardment is analyzed by 
preparing another set of films (set4) in an argon/nitrogen and oxygen gas mixture with 
the above mentioned shielding ring, but now without nitrogen ion bombardment. The 
role of the shielding ring is to inhibit the energetic oxygen ions during film growth. 
 Several analytical techniques have been utilized in order to reveal the structural 
changes upon the afore-mentioned deposition conditions.  
The structural evolution of the films under these conditions has been analyzed 
by X-ray diffraction in the grazing incidence (GXRD) configuration with an incident 
angle of 0.5°. A Philips X’pert Pro MRD system with Cu-Kα radiation was used for the 
X-ray investigation. The hexagonal Ni3N phase has been determined by comparing the 
measured spectrum with the JCPDS international diffraction database [4.5.15], whereas 
the tetragonal phase is determined by comparing the measured diffraction peak 
positions with the data given in reference [4.5.1]. 
In order to reveal the crystalline structure of the film, deposited with an oxygen 
flow of 1 scccm in set 1, a detailed structural analysis has been carried out by means of 
high resolution transmission electron microscopy (HRTEM). For this purpose the film 
has been deposited directly onto a carbon coated copper grid with a thickness of 
approximately 10 nm. 
The composition of the films was obtained using Rutherford backscattering 
spectroscopy (RBS). For this technique the films were deposited on graphite substrates 
in order to avoid the overlap of the substrate peak with that of the film. A tandetron 
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accelerator has been used with 1.4 MeV 4He+ particles and a current of 14 mA. The 
backscattered He+ particles were detected by a semiconductor detector positioned at an 
angle of 170º with respect to the incident beam. The RBS spectra were analyzed using 
the XRUMP software [4.1.23].  
It is well known that bombardment of the growing film causes residual stress 
build up. For this reason the residual stress has been measured by means of the wafer 
curvature method. The films have been scanned utilizing a laser beam in order to obtain 
the curvature before and after film deposition. The thickness of the films and the glass 
substrates were about 100 nm and 150 µm, respectively. The Stoney equation [4.1.35] 
has been employed to obtain the stress values from the substrate curvature. 
 
4.6.3. Results 
 
Atomic composition 
 
The atomic composition of the films in set1 upon increasing the oxygen flow is depicted 
in Fig.4.6.1. It is obvious that the increase of the oxygen flow from 0 to 2 sccm leads to 
an increase of the atomic concentration of oxygen up to 12 % in the film accompanied 
with a decrease of the nitrogen content from 30 % to 22 %. Furthermore the nickel 
concentration remained almost constant by increasing the oxygen flow. The low oxygen 
concentration at 1 sccm oxygen flow could not be determined since the error of the 
measurement is about 4 %. 
 
Structure of nickel-nitride films deposited in an Ar-N2-O2 gas mixture 
 
The structural evolution of the films prepared in set1 is shown in Fig.4.6.2. Without 
oxygen, the GXRD measurements reveal only the hexagonal Ni3N phase. By increasing 
the oxygen flow to 1 sccm, the GXRD spectrum exhibits reflections from another phase, 
which we attribute to the tetragonal phase of nickel-nitride, Ni2N. A further increase of 
the oxygen flow leads to an increase of the tetragonal phase at the expense of the 
hexagonal phase and simultaneously to amorphization of the film at 2 sccm O2. 
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Especially the intensity of the (002) and (101) diffraction peak is increasing upon 
increasing from 1 to 1.4 sccm oxygen flow. 
 
 
Fig.4.6.1: Atomic composition of the films prepared in set1. The increase of the oxygen 
flow leads to increase of the oxygen content in film and a decrease of the nitrogen content. 
Blue and black squares denote the oxygen and nitrogen content, respectively, whereas the 
triangles represent the nickel content. The dashed lines are a guide for the eye. 
 
In addition, the lattice parameter has been calculated using the software cellref. The 
values of the lattice constants upon variation of the oxygen flow are illustrated in Fig. 
4.6.3 and 4. For the tetragonal phase one can clearly observe an increase of both lattice 
constants a and c, where a increases from 2.826 to 2.852 Å and c from 3.713 to 3.812 Å. 
The error of the lattice constant measurement is around ± 0.005 Å.  
We can not clearly say, why the lattice parameter in c-direction changes more than in 
other directions, but one reason could be the bond strength. If the bond strength is 
different in both directions, in particular if the bond strength in the c-direction is lower 
than in the a-direction, than it is supposable the lattice parameter in c direction changes 
more than in other directions. 
For the hexagonal phase a different behaviour is observed, where a is increasing from 
4.668 to 4.711 Å and c is decreasing from 4.318 to 4.295 Å. The oxygen flow in this 
case was changed from 0 to 1.8 sccm. The lattice parameter for the film deposited at an 
oxygen flow of 2 sccm could not be determined due to the difficulties to determine 
accurately the diffraction angle. 
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Fig.4.6.2: GXRD measurement of the films deposited in set1 upon variation of the oxygen 
flow. With increasing oxygen flow the tetragonal nickel-nitride phase is observed. 
 
 
 
Fig. 4.6.3: Lattice parameter of the tetragonal nickel-nitride, Ni2N, by changing the oxygen 
flow from 1 to 1.6 sccm.  
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Fig. 4.6.4: Lattice parameter of the hexagonal nickel-nitride, Ni3N, by variation of the 
oxygen flow from 0 to 1.8 sccm. 
 
In order to confirm the formation of the tetragonal nickel-nitride phase HRTEM 
investigations have been carried out. The HRTEM analysis for the sample deposited at 
an oxygen flow of 1 sccm reveals the existence of two different phases, which we 
attribute to the hexagonal and tetragonal phases of nickel-nitride. The micrograph 
shown in Fig.4.6.3a gives the HRTEM image of a hexagonal Ni3N grain oriented in the 
[-110] zone axis with a size of around 6 nm. Fourier transformation of the high 
resolution micrograph is shown in Fig. 4.6.5b, which corresponds to the diffraction 
pattern in reciprocal space. The distances in the Fourier transformed image have been 
measured and compared with the lattice spacing of the hexagonal nickel-nitride phase as 
shown in Fig. 4.6.5c, which reveal a good agreement. For this reason, we can ascribe 
the crystalline structure of the grain shown in Fig. 4.6.5a to the hexagonal Ni3N phase.  
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Fig.4.6.5: a) HRTEM micrograph of the film deposited at an oxygen flow of 1 sccm. A 
Ni3N grain with a size of around 6 nm can be seen. b) Fourier transformation of the 
micrograph given in (a). c) Calculated diffraction pattern based on the crystal structure 
symmetry P6322 oriented at the [-110] zone axis. 
 
 
The high resolution image from a different region of the specimen with a grain can be 
seen in Fig. 4.6.6a. The grain has a size of approximately 5 nm. The same analysis as in 
case of Fig. 4.6.5 has been also performed with this image, i.e. the Fourier 
transformation of the HRTEM is given in Fig. 4.6.6b. Based on the literature [4.5.1] a 
body centred tetragonal crystal structure has been assumed for the calculation of the 
diffraction pattern along the [001] zone axis, which is shown in Fig. 4.6.6c. From the 
good agreement between the distances obtained from the Fourier transformed image and 
the calculated diffraction pattern we can identify the crystal structure of the grain to be 
the body centred tetragonal phase of Ni2N. 
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Fig. 4.6.6: a) HRTEM micrograph of a Ni2N grain. b) Fourier transformation of the image 
given in (a). c) Calculated diffraction pattern along the [001] zone axis assuming a body 
centred tetragonal crystal symmetry. 
 
 
Structure of nickel-nitride films under nitrogen ion bombardment  
 
The structural changes obtained by bombarding the growing film under various nitrogen 
ion fluxes are shown in the inset of Fig.4.6.7. It is apparent that the increase of the 
nitrogen ion current from 4.3 to 12.2 µA leads to a broadening of the diffraction peaks, 
without the formation of an additional phase. This is supported by the value of the full 
width at half maximum (FWHM) displayed in Fig. 4.6.7, which is related via the 
Scherrer equation to the grain size. It increases from 0.91° to 1.35° by increasing the ion 
current from 4.3 to 12.2 µA, respectively. This broadening is indicative for a 
progressive decrease of grain size upon increasing ion bombardment. 
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Fig. 4.6.7: The full width at half maximum of the Ni3N films increases under the enhanced 
ion bombardment conditions. Inset: GXRD spectrum of the films (set2) exposed to 
nitrogen ion bombardment. 
 
Structure of nickel-nitride films under nitrogen ion bombardment and with shielding 
ring  
 
The same experiment realized with the shielding ring (set3) illustrates the impact of the 
bombardment more clearly. The enhancement of the nitrogen ion current from 0 to 9.6 
µA leads to total amorphization of the crystalline structure of the hexagonal nickel-
nitride phase (Fig. 4.6.8). The formation of a second phase was also in this case not 
observed. 
 
Structure of nickel-nitride films, deposited in an Ar/N2/O2 gas and with shielding ring 
 
The GXRD measurement for the film (set4) deposited at an oxygen flow of 1 sccm with 
(B) and without (A) the shielding ring is shown in Fig. 4.6.9. It is obvious that the 
diffraction intensities, which belong to the tetragonal nickel-nitride phase, are 
significantly suppressed for the film prepared using the shielding ring.  
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Fig.4.6.8: GXRD spectrum of the films (set3) exposed to nitrogen ion bombardment with 
the shielding ring on top of the target. 
 
 
Fig. 4.6.9: GXRD spectrum of the film deposited at an oxygen flow of 1 sccm with (B) and 
without (A) using the shielding ring. The dotted lines indicate the diffraction peaks of the 
tetragonal Ni2N phase; the other reflections belong to the hexagonal Ni3N phase. 
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Residual stress 
 
The residual stress has been measured for the films deposited in set1, which is depicted 
in Fig.8. A significant increase of the compressive stress values is observable for films 
prepared above 1 sccm oxygen flow. A pure nickel-nitride film, without any oxygen, 
reveals a stress value of 1 GPa, whereas the film sputtered at 2 sccm oxygen flow 
exhibits stress value of around 1.4 GPa. 
 
Fig. 4.6.10: Residual stress measurement for the films prepared in set1. An increase of the 
intrinsic stress values is observed upon increasing the oxygen content. 
 
4.6.4 Discussion 
 
Compared to other deposition techniques such as the evaporation technique, in 
sputtering the bombardment of the growing film is of importance and has to be 
considered to understand the structural evolution of the film. In addition, the presence of 
reactive species, especially of oxygen in the discharge, leads to a chemical reaction of 
the metal atoms with the reactive species, which has to be also taken into account 
during the phase transformation. 
First evidence for the presence of bombarding effects gives the residual stress 
measurements (Fig.4.6.10). The increase of the oxygen content in the discharge gas 
leads to an increase of the compressive stress values. A further evidence for the 
 
 
 160 
bombardment is the increase of the lattice parameters of the tetragonal phase 
(Fig.4.6.3), which hence causes the cell volume to increase.  
In order to separate the effects of bombardment and chemical reactivity, the 
films have been bombarded with nitrogen ions without any oxygen in the discharge gas. 
Since the working point during sputtering is in the so-called nitride or poisoned mode, 
the additional bombardment with nitrogen ions should not have a chemical effect on the 
phase formation. The results of these experiments revealed an amorphization of the 
hexagonal nickel-nitride phase (Fig. 4.6.7 and 4.6.8) upon increasing the nitrogen ion 
current without the formation of the tetragonal nickel-nitride. Based on this, it appears 
that the phase separation between the hexagonal and tetragonal nickel-nitride is not 
caused purely by bombardment with energetic ions. It seems that the specific nature of 
oxygen is responsible for the observed structural variations in the nickel-nitride films as 
shown in Fig.4.6.2.  
Further on, the experiments utilized using the shielding ring (Fig. 4.6.9) show 
that reducing the energetic oxygen ion bombardment inhibits partially the formation of 
the tetragonal Ni2N phase. If only the chemical reactivity of oxygen is responsible for 
the phase separation than one should observe, as in case of the films deposited in set1, 
the formation of the tetragonal phase. Therefore one can conclude that the reason for the 
phase separation is neither purely bombardment induced nor purely chemical nature. 
Since the amount of oxygen is very low, the bombardment with energetic 
oxygen ions is necessary in order to cause a chemical reaction of the oxygen with nickel 
atoms, which means the formation of nickel-oxide. The composition analysis revealed 
12 % oxygen in the films (Fig.4.6.1), which must be in form of nickel-oxide. 
Nevertheless, the nickel-oxide can not be resolved with the X-ray diffraction method, 
due to small amounts or amorphous volume fractions. 
 
4.6.5 Comparison with copper-oxynitride for low oxygen concentrations 
 
As shown in chapter 4.3, the deposition of copper-oxynitride films in an argon/nitrogen 
and oxygen plasma with small oxygen concentrations resulted in the variation of the 
diffraction intensity of the Cu3N phase. The nickel-oxynitride films deposited under 
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similar conditions revealed the formation of an additional phase of nickel-nitride. The 
main difference in these two systems is the occurrence of a second phase for the nickel-
oxynitride films at low oxygen concentrations. 
 
4.6.6. Summary 
 
Nickel-nitride films have been prepared by means of reactive sputtering. The 
deposition of the nickel-nitride films in an argon/nitrogen discharge mixture leads to the 
formation of the hexagonal Ni3N phase. The addition of a second reactive gas, namely 
oxygen, to the gas mixture leads to the coexistence of the hexagonal Ni3N and the 
tetragonal Ni2N phases. The bombardment of the growing film with the ion gun as well 
as the use of the shielding ring, which reduces the bombardment with the energetic 
oxygen ions lead to the conclusion, that the formation of the tetragonal nickel-nitride 
phase is caused first by bombardment with energetic oxygen ions and second the 
chemical reactivity of oxygen with nickel atoms.  
Sputtering 
discharge/method 
Phase/structure 
Ar/N/O – discharge:  
q(O2) = 0 Ni3N (hexagonal) 
      q(O2) > 1 – 2 Ni3N (hexagonal) + Ni2N (tetragonal) 
  q(O2) = 2.4 NiO (NaCl-structure) 
Ar/N – plasma with +2N - ion 
bombardment 
 
amorphization of Ni3N (hexagonal) 
 
Ar/N/O – discharge with 
shielding ring 
Ni3N (hexagonal) + strongly suppressed 
Ni2N 
 
Tab. 4.6.1: Phase formation upon variation of the deposition conditions. The first 
column shows the different deposition conditions, including the different sputtering 
discharge and the experimental method used. The second column shows the phases and 
structures of the deposited films. 
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4.7 Structural and optical properties of nickel-oxynitride films 
 
 
4.7.1 Introduction 
 
To the best of our knowledge there are no publications regarding the physical 
properties of nickel-oxynitride films. The properties of nickel-oxide have been already 
presented in chapter 4.4. It turned out that among others, nickel-oxide is the only 
promising inorganic material, beside tungsten-oxide, which is employed in 
electrochromic applications. However, there are some problems occurring by the use of 
nickel-oxide as electrochromic layer caused by low thermal stability. It is well known 
that the presence of nitrogen improves the thermal stability in some oxynitride films for 
the use as gate dielectrics. For this reason, it is supposable that the presence of small 
amounts of nitrogen in nickel-oxide could lead to improved thermal properties. From 
this point of view, the nickel-oxynitride system could be a promising alternative for 
electrochromic applications. Nevertheless, the feasibility of nickel-oxynitride films will 
be not discussed in this work.  
The emphasis of this study is to investigate the general physical properties such 
as structural, electrical and optical properties as a function of the nitrogen to oxygen 
ratio. 
 
4.7.2 Results and Discussion 
 
Structural properties 
 
The variation of the relative gas flow or the increase of the oxygen flow has led 
to films with different structural features as displayed in Fig. 4.7.1 and 4.7.2. Since the 
films deposited at gas flow ratios of 3.1, 4.2 and 12.5 have been deposited on Si/Al 
layer stack, the GXRD spectrum exhibits also a diffraction peak of metallic aluminium 
located at around 38°. Additionally, as a reference system, the diffraction spectrum of 
pure nickel-oxide, i.e. without nitrogen in the sputtering discharge, can be also seen. 
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Compared to the pure NiO, which is oriented in the (200) direction, the NiO films 
deposited with nitrogen exhibit a dominant grain orientation in (111) direction. 
Remarkable is here the fact that it is possible to prepare nickel-oxynitride films, which 
crystallize in the NiO structure at very low values of the oxygen flow of 2 sccm. 
Considering the pure NiO system it was not possible to deposit NiO films at these low 
values of oxygen flow; the lowest oxygen value was 5 sccm, where crystalline NiO 
films have been observed. The reason for this could be the presence of nitrogen, which 
consumes a part of the total sputtered nickel atoms. The total amount of nickel for the 
formation of NiO is reduced and hence less oxygen is necessary to build the oxide 
phase. All of the films crystallize in the NaCl-type structure of NiO. The intensity 
variations are mainly caused by the change of the orientation as revealed by XRD 
measurements in Bragg-Brentano configuration for two different films deposited at 
relative gas ratio of 0 and 22.7, which are shown in Fig. 4.7.2a. The films, deposited at 
0 relative gas flow, i.e. without nitrogen in the plasma, exhibits both orientations, (111) 
and (200), whereas the film deposited at high nitrogen and low oxygen flow exhibits 
only the (200) grain orientation. The lattice constant has been calculated from the 
angular peak position, which is shown in Fig. 4.7.3. The lattice parameter increases 
substantially by increasing the oxygen flow or decreasing the nitrogen to oxygen flow 
ratio. This increase of the cell volume can be understand as a result of first the 
bombardment with negatively charged oxygen ions, which is assumed to be increasing 
with enhancement of the oxygen flow, and second the insertion of nitrogen into the 
lattice of NiO. 
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Fig. 4.7.1 GXRD measurement for nickel- oxynitride films deposited between a relative gas 
flow ratio of 0 and 17.  
 
Fig. 4.7.2 GXRD measurement for nickel- oxynitride films deposited between a relative gas 
flow ratio of 19.2 and 22.7.  
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Fig. 4.7.2a: XRD measurement for two samples deposited at 0 and 22.7 relative gas flow, 
revealing the variation of grain orientation upon varying the relative gas flow 
 
 
Fig. 4.7.3: Evolution of the lattice constant of NiO_N as a function of the relative gas flow in 
the sputtering discharge. 
 
Since all of the films crystallizes in the NiO structure, one has to ask, whether there is 
nitrogen in the films or not. Therefore the atomic composition has been determined 
(Fig. 4.7.4) as a function of relative gas flow ratio. The variation of the relative gas ratio 
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leads to films with atomic species of nickel, oxygen and nitrogen. As it is expected, the 
increase of the oxygen to nitrogen ratio leads to a continuous reduction of the nitrogen 
content, whereas the oxygen amount is increasing. 
 
Fig. 4.7.4: Atomic composition of the NiNO films as a function of the relative gas flow of 
nitrogen to oxygen in the sputtering discharge. At relative gas flow ratios below 25, nickel-
oxynitride films crystallize in the Ni3N structure (grey marked region), whereas beyond 
relative gas flow ratios they exhibit the NiO crystal structure. 
 
Contrary to the behaviour of nitrogen, the oxygen amount is not increasing 
continuously. Around a relative gas ratio of 20.8 to 16.7 the oxygen content is enhanced 
significantly from 17 to 40 %. Along with this, the nickel amount is also reduced from 
61 to 45 %. These substantial changes occur at the transition from 2.4 to 3 sccm oxygen 
flow, which is marked by the red dashed line in Fig. 4.7.4. In this oxygen flow regime 
the X-ray data reveal also a structural variation. Here, the crystallinity is strongly 
reduced by increasing the oxygen flow from 2.6 to 3 sccm. It seems that we can 
categorize the films in this region into oxygen-rich NiO (above 3 sccm) and oxygen-
poor (below 3 sccm) based on the X-ray and composition analysis. Furthermore, the 
regions, where the nickel-oxynitride films crystallize in the Ni3N and NiO structure 
have been coloured in Fig. 4.7.4. The results for the nickel-oxynitride films, which 
exhibit the Ni3N structure as shown in the grey marked region in Fig. 4.7.4 have been 
already presented in chapter 4.6. 
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Deposition characteristics 
 
The above mentioned changes in the crystalline structure as well as in the composition 
at an oxygen flow of 3 sccm are also reflected in the mass density and especially in the 
deposition rate of the films (Fig.4.7.5). The deposition rate is strongly affected by the 
target composition at the various deposition conditions. The increase of the oxygen flow 
from 1 to 2.5 sccm results in an enhancement of the deposition rate from 0.7 to 0.85 
nm/s, which have been also observed for the case of sputtering pure NiO. In analogy to 
the case of NiO, the deposition rate starts to drop beyond 3 sccm oxygen. From the 
behaviour of the deposition rate and from the X-ray data one can conclude that the 
effect of adding nitrogen to the sputtering discharge leads to a shift of the working point 
of the sputtering process. As has been already mentioned regarding the discussion of the 
X-ray data some of the nickel atoms are needed to build the Ni3N phase, therefore less 
oxygen is necessary to form the NiO phase, which is also reflected in the deposition 
rate. The increase of the oxygen flow leads to strong reduction of the film density up to 
3 sccm. Beyond this value the mass density drops slightly upon increasing the oxygen 
flow. The mass density values are directly correlated with the compositional variations. 
Based on the composition analysis the increase of the oxygen flow is accompanied by 
the drop of the nickel as well as the nitrogen content, which lead to the observed 
decrease of the mass density values. 
 
Fig. 4.7.5: Mass density and deposition rate upon variation of the oxygen flow, whereas the 
nitrogen flow has been kept constant. 
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Electrical and optical properties 
 
Room temperature and temperature dependent electrical resistivity measurements as a 
function of the relative gas flow are shown in Fig.4.7.6 and 4.7.7, respectively. The 
variation of the electrical resistivity under ambient conditions ranges between the 
resistivity values of the pure nickel-nitride and nickel-oxide phases as indicated by the 
red dashed lines in Fig. 4.7.6. This progressive change of the electrical resistivity is a 
result of the structural and compositional variations as a function of the relative gas 
ratio. Furthermore, the relative gas flow regions, where the corresponding phases have 
been obtained are separated by different colours in Fig.4.7.6. For three different oxygen 
flows the electrical resistivity has been measured in a temperature range of 290 to 580 K 
(Fig. 4.7.7). Also shown in Fig. 4.7.7 is the measurement for the pure NiO phase 
without nitrogen content. The films deposited at oxygen flows of 3, 5 and 7 sccm, 
which corresponds to gas flow ratio of 16.7, 10 and 7, reveal a similar behaviour upon 
annealing and cooling. For these films the resistivity decreases upon annealing and 
increases upon cooling. The final resistivity value after the cooling procedure is higher 
than the initial value. In order to elucidate this, the structure of the films has been 
determined by GXRD analysis after the cooling procedure (Fig. 4.7.8). The post 
deposition annealing and cooling process leads to films with reduced crystallinity. This 
effect is most pronounced for the specimen deposited at 3 sccm oxygen flow, where the 
film undergoes a transition from crystalline to amorphous structure. The reduction of 
the crystalline quality has been also found for the films deposited at 5 and 7 sccm 
oxygen flow, which is reflected in an increase of the peak broadening. Furthermore the 
lattice parameter relaxes upon the annealing procedure, which is indicative for stress 
relaxation. Another reason could be the insertion of oxygen into the lattice, which 
remains after the annealing process in the film as has been described for ITO films 
[4.6.3]. 
Remarkable is that the films deposited between 3 and 7 sccm oxygen reveal an 
semiconducting behaviour, whereas the film deposited at 2.4 sccm exhibits metallic 
behaviour. As has been already discussed with respect to the structural and 
compositional evolution, in this region the films can be divided into O-rich and O-
 
 
 169 
deficient regions. This feature emerges also in the resistivity values, where the films 
deposited in the O-deficient zones reveal metallic properties. 
 
Fig. 4.7.6: Electrical resistivity upon variation of the relative gas ratio of nitrogen to 
oxygen (black). 
 
Fig. 4.7.7: Temperature dependent electrical resistivity for four samples deposited at 2.2, 
3, 5 and 7 sccm oxygen. 
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Fig. 4.7.8: GXRD measurement for films subjected to post deposition annealing and 
cooling procedure. 
 
Further on, the activation energy has been calculated from the slope of the Arrhenius 
plot of the resistivity as a function of the reciprocal temperature. The activation energy 
is decreasing with increasing the relative gas flow ratio. The value for pure NiO is 
around 0.4 eV, which decreases from 0.33 to 0.21 eV for NiO films deposited from 16.7 
to 7.1 relative gas flow ratio, i.e. with increasing nitrogen to oxygen flow ratio or 
decreasing oxygen flow.  
 Since NiO is a wide band gap material with a band gap value of around 3.6 eV, 
the optical properties of the NiO films deposited with nitrogen in the discharge gas 
mixture have been determined by reflectance (Fig. 4.7.10) and ellipsometry 
measurements. The reflectance spectrum for various nickel-oxynitride films with 
changing composition and the pure NiO film is given in Fig. 4.7.10. The evaluation of 
these data including the films deposited at different relative gas flows has yielded the 
band gap value, which is depicted in Fig. 4.7.11. The reflectance and the ellipsometry 
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data have been fitted employing the OJL and Drude model. The obtained band gap 
values and the dielectric function (Fig. 4.7.12) for films, which crystallize in the NiO 
structure, are varying as a function of the relative gas flow ratio. With the addition of 
nitrogen into the sputtering process it is possible to deposit films with band gap values 
ranging between 2.3 and 3.6 eV.  
 
Fig. 4.7.9: Activation energy as a function of the relative gas flow ratio calculated from the 
electrical resistivity measurement. 
 
 These obtained band gap values are significantly higher than the activation 
energies, obtained from the resistivity measurements. It turns out that the Fermi level EF 
given by EF = Ec-Ea, must shift towards the conduction or valence band edge. 
Especially, a decline of the activation energy would cause a shift more close to the band 
edge. One can summarize that the addition of nitrogen into the sputtering discharge 
during the deposition of nickel-oxynitride films leads to a shift of the Fermi level 
towards the band edge of NiO. 
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Fig. 4.7.10: Reflectance spectrum for nickel-oxynitride films deposited at different oxygen 
flows. 
 
 
Fig. 4.7.11: Band gap values of nickel-oxynitride films as a function of the relative gas flow 
ratio 
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Fig.4.7.12: Dielectric function of nickel-oxynitride films in the oxygen flow range of 2.4 to 11 
sccm. 
 
 
4.7.3 Comparison with the copper-oxynitride system 
 
In the copper-oxynitride system, the transition from the nitride – like to oxide – like 
film is characterized by films with an amorphous structure for wide range of oxygen 
flow. This transition can be also observed in the nickel-oxynitride system, but it is a 
rather sharp transition compared to the copper-oxynitride films. In both systems it was 
possible to obtain films with electrical properties varying between that of the 
corresponding nitride and oxide. Moreover, it was possible to prepare oxynitride films 
with a wide range of band gap values upon changing the relative gas flow ratio of 
nitrogen to oxygen. Furtheron, in the nickel-oxynitride system it was possible to provide 
conditions to prepare nickel-oxynitride films possessing the NiO structure with band 
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gap values around 2 eV, which reveal metallic behaviour as determined by temperature 
dependent electrical resistivity measurements. 
 
4.7.4 Summary 
 
Nickel-oxynitride films have been deposited by means of reactive sputtering in 
discharge gas mixture of Ar/O/N from a metallic nickel target. Regarding the physical 
properties the nickel-oxynitride films can be divided in three different regions as shown 
in Fig. 4.7.13. Based on the X-ray analysis, the films below a relative gas flow of 25 
crystallize in the NiO structure, whereas above 25 relative gas flow the films posses the 
Ni3N and Ni2N structure as shown in chapter 4.6 (region C). Significant changes are 
observed at this point for the mass density and electrical resistivity. Also the optical 
properties exhibit pronounced differences, especially the band gap value vanishes. The 
films deposited below a relative gas flow of 25 can be further divided in two regions, 
marked as A and B in Fig. 4.7.13, which is at around 16 relative gas flow ratio. The 
films can be referred to oxygen-rich (below 16) and oxygen-deficit (above 16), based on 
the drastic change of the oxygen concentration in the films. Furthermore, the crystalline 
quality and the electrical resistivity reveal significant changes. Remarkable is the fact 
that the temperature dependent electrical resistivity measurement exhibits a metallic 
behaviour for films deposited in region B, whereas the films deposited in region A 
reveal semiconducting behaviour. It is a surprising result, if we consider that the films 
in region B have a band gap of around 2 eV, which reveal a metallic behaviour. 
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Fig. 4.7.13: Experimental obtained data as a function of the relative gas flow ratio of 
nitrogen to oxygen. Regarding these data, the films can be divided in three different regions, 
assigned by A, B and C. The films deposited in region C exhibit the nickel-nitride 
phase/structure. The films prepared in region A and B posses the NiO structure. Based on 
the composition analysis and the temperature dependent electrical resistivity measurements, 
the films in this two regions show pronounced differences. The films in region A and B 
reveal semiconducting and metallic behaviour, respectively. 
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5. Summary and Outlook 
 
In this work, copper- and nickel-oxynitride films have been deposited onto 
mainly glass substrates by means of reactive dc sputtering from a metallic target in an 
argon/oxygen and nitrogen gas mixture. As a reference system the corresponding oxides 
and nitrides of copper and nickel have been also deposited in an argon/oxygen and 
argon/nitrogen plasma, respectively. 
Oxynitride films have been prepared under different deposition conditions, in 
particular upon varying the nitrogen to oxygen gas flow, i.e. the relative gas flow ratio. 
It was possible to deposit films varying within the physical properties, including the 
structure or phase, electrical and optical properties, of the corresponding oxides and 
nitrides of copper and nickel. 
It has been shown for the copper-oxynitride system, based on composition and 
X-ray analysis as well as simulations of the X-ray data that the incorporation of oxygen 
into the lattice of Cu3N and substitution of nitrogen by oxygen in the crystal structure of 
Cu3N is not in agreement with the experimental data. Therefore, it is believed that the 
copper-oxynitride films, which crystallize in the Cu3N structure contain also amorphous 
Cu2O. And the copper-oxynitride films, which crystallize in the Cu2O structure contain 
also amorphous Cu3N. Furthermore, in the relative gas flow ratio of 2 and 10, films with 
optical band gap values ranging between 1 and 2.4 eV have been obtained. 
A special feature is the occurrence of phase separation for the nickel-oxynitride 
films sputtered in the nitride-mode. The addition of small amounts of oxygen led to the 
coexistence of two nickel-nitride phases (Ni3N and Ni2N), which is not observed by the 
deposition of nickel-nitride films in an argon/nitrogen discharge.  
The deposition of nickel-oxynitride films at higher oxygen flows has yielded 
similar results such as the copper-oxynitride system. The nickel-oxynitride films 
deposited at high oxygen concentrations have band gap values covering a range of 2.2 
to 3.6 eV. A peculiarity is here the occurrence of nickel-oxynitride films with band gap 
values of around 2.3 eV, revealing metallic behaviour regarding the electrical 
properties. 
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It would be beneficial for the understanding of the structural evolution of the 
oxynitride films to perform simulations based on density functional theory (DFT), 
which calculates the energetic most stable crystal structure. 
Since the oxynitride films posses a wide range of electrical and optical 
properties, it would be interesting to test the feasibility of these films for special 
applications. Nickel-oxide films are for instance promising for electrochromic 
applications, but suffer from low thermal stability. The presence of nitrogen in the 
nickel-oxynitride films, exhibiting the NiO crystal structure, could be a stabilizing 
constituent. Therefore, a study of the applicability of nickel-oxynitride films for 
electrochromic windows would be interesting. 
Based on the rich physical properties of the oxynitride films, one can suppose 
that these films cover a broad range of potential industrial applications, which have to 
be investigated. 
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